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NOMENCLATURE 
 
a   Acoustic mode 
a3   Second acoustic mode corresponding to three-quarter wave; 
   Similar designations hold for a1, a5, a7, … 
A   Cavity cross-sectional area 
c   Speed of sound 
d   Orifice opening diameter of the damping device  
dH   Hydraulic diameter  
D   Internal diameter of the cylindrical housing of the damping device  
f   Frequency 
fhr   Helmholtz resonator frequency 
f0   Frequency of spectral peak 
f1, f2  Frequencies at half-power points of spectral peak 
F   Hydrodynamic forcing term 
h   Hydrodynamic mode 
h2   Second hydrodynamic mode; 
   Similar designation holds for h1 
h2(a3)  Interaction of second hydrodynamic mode h2 with second acoustic mode 
a3; 
 Similar combinations h1a1, h2a5, etc.  
k Acoustic wave number 
K Compliance of resonator 
l Streamwise length of vorticity layer 
L Streamwise length of deep cavity 
Lc, Lc Depth of deep cavity 
L2Lc20 Deep cavity of streamwise length L = 2 inches (50.8 mm) and depth Lc = 
20 inches (508 mm); 
 Similar codes: L2Lc11, L2Lc39.5, L2Lc79.  
LD Main duct length 
Leff Effective depth of the deep cavity that includes end correction 
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V   Velocity magnitude 
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ABSTRACT 
 
The overall objective of this investigation is to determine the effect of variable 
damping on the pressure response characteristics of a deep cavity. The pressure 
fluctuations arise from coupling between the unsteady shear layer along the cavity 
opening and a resonant acoustic mode of the cavity. Damping of the cavity is 
represented by the quality (Q) factor, which is determined from external acoustic 
excitation in the absence of mean flow. The value of the Q factor can be varied 
continuously with a damping device, which is located at the dead end of the cavity; it 
allows variation of the magnitude of damping without changes of the geometry or 
parameters of the deep cavity. 
The amplitude of the pressure fluctuation as a function of flow velocity is 
characterized for the first, second and third depth-wise acoustic modes, which are 
generated in cavities with different depths. For each mode, the value of the Q factor is 
varied over a relatively wide range. Substantial attenuation of the pressure amplitude 
is attained. For higher acoustic modes, and at sufficiently high values of cavity 
damping, corresponding to low values of Q factor, abrupt decreases or drop-offs of the 
pressure amplitude occur at threshold values of flow velocity. Moreover, the peak 
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response amplitude occurs at values of dimensionless frequency (Strouhal number) 
that increase with decreasing values of the Q factor.     
The amplitude of the unsteady pressure oscillations (normalized by the freestream 
dynamic head) generally exhibits a linear variation with Q factor, for four depth-wise 
acoustic modes of the cavity. Furthermore, the strength of lock-on (SoL) of the 
pressure oscillation, as a function of Q factor, is evaluated in terms of the coherent and 
broadband (background) pressure amplitudes. Not only the coherent pressure 
amplitude, but also the broadband amplitude, is attenuated for decreasing values of Q 
factor. As a consequence, variation of the strength of lock-on with Q factor must 
account for both of these effects.    
Quantitative imaging, in the form of high-image-density particle image 
velocimetry (PIV), is employed to characterize the flow structure of coupled 
oscillations arising from the shear layer along the opening of the deep cavity. Time-
and phase- averaged patterns provide insight into the effect of resonator damping on 
the flow structure. In essence, when the Q factor of the cavity decreases, attenuation of 
the pressure amplitude at the dead end of the cavity is accompanied by corresponding 
attenuation of the shear layer undulation along the cavity opening. Cross-comparison 
of patterns of velocity vectors, streamwise and transverse velocity components, as well 
as vorticity, illustrate the detailed features of the damped oscillations of the shear 
layer.  
Quantitative imaging also provides a basis for determination of the hydrodynamic 
contributions to the acoustic power, as well as calculation of the total acoustic power, 
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which is generated by the oscillating shear layer in presence of the resonant acoustic 
field of the cavity. The manner in which this power is altered in relation to the 
damping of the cavity is assessed, and patterns of the spatial distribution of acoustic 
power are related to corresponding patterns of vorticity, as well as to patterns of 
streamwise and transverse components of the hydrodynamic contribution to the 
acoustic power integral.   
Prediction of the pressure oscillation amplitudes within the resonator, and the 
frequencies at which these oscillations occur, were undertaken using a published 
theoretical model, which was adapted for the deep cavity system of interest herein. 
Comparison of predictions with experiments shows generally good agreement, and 
verifies the Q factor as a representation of cavity damping, even in presence of flow.  
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CHAPTER 1 
1 INTRODUCTION 
 Flow past cavities occurs in a wide variety of practical applications, including cut-
outs in submarine hulls, open bays of aircraft fuselages, junctions of pipe systems, and 
solid rocket propulsion systems. The common feature of all of these oscillations is an 
inherent instability of the separated shear layer along the opening of the cavity. The 
instability/vortex formation in the separated shear layer can couple with an acoustic 
resonant mode of the adjacent cavity to produce large amplitude oscillations, which 
are a source of undesirable noise and, in extreme conditions, structural loading and 
fatigue.     
 An important, yet relatively unexplored, aspect of all of the foregoing flow-
acoustic coupling configurations is the manner in which damping of the resonator 
influences the oscillation characteristics, and thereby the degree of flow-acoustic 
coupling. The overall objective of this investigation is to design and implement a 
system for controlled damping of a deep cavity resonator, then to quantitatively 
determine the effect of variable damping, represented by quality (Q) factor, on 
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induced pressure fluctuations within the cavity. In turn, these pressure fluctuations will 
be related to the detailed structure of the shear layer along the cavity opening. 
Characterization of this structure will involve techniques of particle image velocimetry 
(PIV), which will be coordinated with the time-dependent pressure fluctuation within 
the cavity.  
 
1.1 SELF-SUSTAINED OSCILLATIONS PAST A DEEP CAVITY   
Flow past a deep cavity with rigid walls can give rise to acoustic resonance at the 
natural frequencies of the cavity. This acoustic resonance causes intense noise with 
discrete frequencies in the form of pure tones, and furthermore, can cause undesirable 
structural loading of the components of the flow system. Avoiding the foregoing 
issues associated with flow-acoustic coupling requires knowledge of the underlying 
physics. 
Onset of the oscillation of the shear layer along the cavity opening involves a 
feedback mechanism, often designated as upstream influence. It promotes an 
organized fluctuation of the separated shear layer, at the inherent instability frequency 
f0 of the layer, subjected to the finite length scale L. If this frequency f0 coincides with 
an eigenfrequency fn of the deep cavity resonator, flow-acoustic coupling develops, 
leading to large amplitude limit cycle oscillations. When this state is attained, the 
source power generated by the undulating shear layer in presence of the acoustic field 
balances the power due to dissipative effects along the walls of the cavity and 
radiation from the cavity. This power generation dominates the aforementioned 
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upstream influence. Changing the mean flow speed in the main duct results in a 
change of the frequency f0 associated with the unstable shear layer, and the next state 
of flow-acoustic coupling occurs when the next eigenfrequecy fn is available. In the 
event that a well-defined component at the inherent instability frequency of the 
separated shear layer does not emerge during the initial onset of the oscillation, it may 
be possible for broadband turbulence of the separated shear layer to excite a lightly 
damped resonator and sustain an oscillation (Rowley et al., 2006a).  
 
1.2 OVERVIEW OF RELATED PREVIOUS INVESTIGATIONS 
1.2.1 Flow-Acoustic Coupling   
Self-sustained oscillations were first investigated in a fully analytical manner by 
Powell (1961), for the case of a planar jet-edge interaction. In the following years, his 
concepts were extended to a range of configurations involving locked-on flow past 
cavities, as reviewed by Rockwell and Naudascher (1978, 1979), Blake (1986), 
Naudascher and Rockwell (1994), Rowley and Williams (2006b), and Morris (2011). 
Flow-acoustic coupling in a single side branch (deep cavity) attached to a main 
duct has been addressed by Bruggeman (1987a). He defined the overall oscillation 
characteristics as a function of flow velocity, and interpreted his findings by 
accounting for radiation and friction effects. Related features are also described in the 
works of Bruggeman et al. (1989, 1991). Hofmans (1998) employed numerical 
computations to determine the resonant response of a single side branch, while 
accounting for various types of damping within the branch. 
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Ziada and Buehlmann (1992) characterized the acoustic resonance in a single side 
branch, where the termination condition of the main duct was different from preceding 
studies. Use of an absorption silencer in the duct had a substantial effect on the 
oscillation characteristics. A further aspect of the investigation of Ziada and 
Buehlmann (1992) involved interpretation of acoustic radiation from the side branch 
into the main pipe, while accounting for various losses in the overall system. They 
showed, based on the data of Jungowski et al. (1989), that the ratio of the 
characteristic diameter of the side branch to the diameter of the main duct had a 
remarkable influence on the peak pressure amplitude; it was maximized when this 
ratio was small.     
All of the foregoing investigations involved a single side branch (deep cavity) 
connected to a main duct. The focus of the present investigation is on a deep cavity 
that is exposed to the atmosphere, and the system configuration is similar to that of 
Dequand (2001). It was demonstrated therein that when the cavity mouth was open to 
the free atmosphere, large amplitude flow tones could be generated. Yang et al. (2009) 
characterized the flow tones generated by this type of deep cavity system, for a range 
of cavity length and depth.  
For all cases of deep cavities, it is expected that the magnitude of the inherent 
damping of the resonator will have a pronounced effect on the magnitude of the self-
excited oscillation. Despite its importance, the effect of damping on the flow-
acoustically coupled oscillation has received relatively little attention. For the special 
configuration of two coaxial deep cavities, i.e., opposing single side branches, Kriesels 
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et al. (1995) demonstrated that the depth of the cavity could substantially alter the 
magnitude of the pressure at the dead end of the cavity. They interpreted the enhanced 
damping at larger depths in terms of thermoviscous effects along the interior wall of 
the cavity. Slaton and Zeegers (2005) addressed the effects of losses in a coaxial side 
branch configuration. These losses included thermoviscous losses, radiation losses at 
higher amplitudes, and losses due to a dissipative resistance-volume device attached to 
the end of one of the branches.  
1.2.2 Visualization of Flow Patterns During Flow-Acoustic Coupling and 
Evaluation of Acoustic Power Generation  
 Several qualitative and quantitative visualization studies have been conducted to 
characterize the structure of the shear layer during flow-acoustic coupling. Geveci et 
al. (2003) performed high-image-density particle image velocimetry (PIV) to visualize 
the flow patterns due to interaction between the shear layer along an axisymmetric 
cavity and an acoustic mode of the pipeline-cavity system. They describe formation of 
small-scale and large-scale vorticity concentrations and their role in generation of 
instantaneous acoustic power. Oshkai and Yan (2008) employed PIV to investigate 
acoustically-coupled flow past a coaxial deep cavity resonator mounted in a duct. In 
their study, various resonator geometries are characterized in terms of patterns of 
instantaneous and time-averaged flow velocity, vorticity, and streamline topology at 
several phases of the acoustic oscillation cycle. Phase-averaged images of the flow 
patterns in conjunction with unsteady pressure measurements are used to evaluate 
patterns of acoustic power generation, in order to provide further insight into the 
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mechanisms of tone generation. In a follow-up study, Velikorodny et al. (2010) 
characterized the onset of the locked-on resonant states in terms of the acoustic 
pressure amplitude and the quality (Q) factor of the corresponding spectral peak. In 
the same study, patterns of generated acoustic power are calculated using a semi-
empirical approach involving the numerical solution of modified 2-D Helmholtz 
equation.  
Slaboch (2009) investigated the flow-excited Helmholtz resonator both 
experimentally and theoretically. Images of the flow structure obtained via PIV 
provided representation of the shear layer vorticity field and the equivalent 
hydrodynamic forcing of the resonator. This study shows that the forcing magnitude is 
roughly constant over a range of flow speeds. This finding is used to successfully 
predict the resonator pressure fluctuations by evaluating the impedance of the 
resonator as a function of excitation frequency. Graf and Ziada (2010) modeled the 
shear layer at the junction of circular branches by an unsteady complex source, which 
is dependent on the Strouhal number and the acoustic particle velocity in the region of 
the shear layer. Measurements of unsteady pressure are used to determine the 
amplitude and phase of this source. The shear layer source term and the acoustic 
description of the piping system are then combined in a semi-empirical model to 
predict the frequency and amplitude of pressure pulsations of flow-excited acoustic 
resonance.  
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1.3 UNRESOLVED ISSUES 
In the light of the aforementioned studies of self-excited oscillations of flow past 
deep cavities, the major unresolved issues are as follows: 
(i) Effect of variable damping on self-excited, acoustically-coupled 
oscillations Self-excited oscillations arising from flow past a variety of the 
cavity configurations have been extensively reported in literature. The nature 
of these oscillations is, however, expected to be a strong function of the 
damping of the resonator. The effect of variable damping of a given 
resonator on the oscillation characteristics is not understood.  
(ii) Formulation and implementation of a concept for control of damping of 
a resonator A device that allows continuously variable damping, i.e., quality 
(Q) factor, of a resonator, has not been conceptualized or investigated. It 
could lead to attenuation of pressure fluctuations inside a resonator. This 
device should not interfere with, or alter, the shapes of the acoustic 
eigenmodes along the deep cavity. 
(iii) Pressure response of cavity due to flow excitation in presence of variable 
damping Variation of the flow velocity along the cavity opening is 
associated with changes of the pressure amplitude within the cavity. It alters 
the degree of coupling between the shear layer oscillation along the cavity 
opening and the acoustic resonant mode of the cavity. The manner in which 
the overall form and peak amplitudes of these pressure response curves are 
altered over a wide range of cavity damping has not yet been characterized. 
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More specifically, the influence of damping (Q factor) on the pressure 
response for different combinations of acoustic and hydrodynamic modes, 
and the possible occurrence of pressure amplitude discontinuities with 
changes in flow velocity, have not yet been pursued.  
(iv) Influence of strength of lock-on (SoL) on pressure response 
characteristics The aforementioned pressure response of a cavity is directly 
related to the strength of lock-on, which is a measure of the degree of 
coupling between the instability/vortex formation along the cavity opening 
and the resonant acoustic mode(s) of the cavity. This lock-on will be altered 
as the damping of the cavity is varied. This aspect has not been investigated 
using a reliable indicator of lock-on such as strength of lock-on (SoL) 
criterion, which requires determination of both the coherent and background 
components of the pressure oscillation. 
(v) Effect of variable damping on oscillation characteristics of shear layer 
along cavity opening The effect of variable damping on global, 
instantaneous representations of the flow patterns (flow structure) of the 
oscillating shear layer, in presence of flow-acoustic coupling, has not been 
investigated. In particular, the turbulence characteristics of the unsteady 
shear layer, e.g., root-mean-square velocity fluctuations and Reynolds 
stresses, have not been determined as a function of damping (Q factor) of the 
cavity. 
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(vi) Consequence of variable damping on generation of acoustic power 
Generation of positive acoustic power in the region of the shear layer along 
the cavity opening is essential for self-sustained, acoustically-coupled 
oscillations. This power generation has not been determined as a function of 
damping of a resonant cavity. More specifically, it requires determination of 
global patterns of: (a) the instantaneous acoustic velocity; and (b) the curl of 
the hydrodynamic velocity with vorticity in the shear layer along the cavity 
opening, in accord with the acoustic power generation formulation of Howe 
(1980). 
The present study aims to address the issues described in the foregoing. The 
ultimate goals are to determine the effect of variable damping on the pressure response 
within a deep cavity and the associated flow patterns in the shear layer along the 
opening of the cavity. In doing so, the coupling between the unsteady shear layer and a 
resonant acoustic mode(s) of the cavity will be accounted for.      
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CHAPTER 2 
2 EXPERIMENTAL SYSTEM AND TECHNIQUES 
2.1 OVERVIEW OF EXPERIMENTAL SYSTEM 
The experimental system consists of two major subsystems, which are the air 
conditioning and supply system, and the actual inlet duct-deep cavity system. In order 
to prevent any issues of noise and vibration associated with the air conditioning and 
supply systems, the experimental test section, i.e., the inlet duct-deep cavity system, is 
located in a separate room. Details of these two subsystems and the measurement 
systems, which are the pressure measurement and Particle Image Velocimetry (PIV) 
systems, will be given in this chapter. 
 
2.2 AIR SUPPLY AND INFLOW SYSTEM 
 The schematic of the air supply and conditioning system is given in Figure 2.1.  
Pressurized air generated by the compressor passes through the oil separator before 
reaching the storage plenum. The pressure in the plenum is maintained at a value of 
gauge pressure of 552-689 kPa (80-100 psig). Then, the air is allowed to pass through 
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an air dryer and an air filter system to remove residual water and undesirable particles 
from the air. It then passes through the isolation wall, separating the air conditioning 
and supply unit from the room containing the experimental test section, finally 
reaching the inlet duct-deep cavity system. 
The approach flow components for the deep cavity system are represented by the 
schematic of Figure 2.2. These flow components consist of valves, regulators, the inlet 
plenum and the three-dimensional nozzle, followed by the main duct and the deep 
cavity that is mounted close to the exit of the main duct. A valve and regulator 
arrangement provides main through flow to the inlet plenum; this arrangement is used 
to generate a wide range of flow rates in the main duct. Another branch from the same 
inflow line system is connected to the seeding generator, which produces the olive oil 
mist that is used for the quantitative imaging (Particle Image Velocimetry) part of the 
study. Immediately upstream of the plenum of the main test section, after the valve 
and regulator arrangements, a five meter long flexible hose with an inside diameter of 
25.4 mm is used to effectively attenuate the high frequency disturbances from the inlet 
line valve system. Air passing through this hose exhausts into the main plenum of the 
test section, and then passes through a honeycomb placed inside the plenum, which 
serves as a flow conditioner. Then, this very low speed air flow is accelerated in a 
three-dimensional nozzle placed at the exit of the plenum of the test section, which, in 
turn, is fed into the main duct.  
Figure 2.3 provides a schematic of the inlet plenum of the test section, which is 
located upstream of the main duct. This plenum and all its components are constructed 
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of Plexiglas. Dimensions of the plenum are given in the same figure. The interior of 
plenum is lined with acoustic foam, in order to preclude the occurrence of acoustic 
resonance in the surrounding volume. Moreover, in order to quiet the flow within the 
plenum, a honeycomb panel of length 76 mm with 3 mm cells is placed within the 
plenum. Furthermore, mist injection to the plenum is done with the help of a flexible 
hose mounted to the bottom wall of the plenum, as shown in Figure 2.3.             
Moreover, a three-dimensional nozzle, which is used to optimize the 
transformation of low-speed air flow in the plenum to the accelerated flow at the exit 
of the nozzle, is connected to the end of the plenum. The internal dimensions of the 
nozzle exit are the same as the internal dimensions of the main duct, which is 
connected to the nozzle without any surface discontinuity. 
 
2.3 MAIN TEST SECTION 
 Figure 2.4 shows a detailed view of the main test section which consists of the 
main duct and the deep cavity systems. Details of these systems, verification of the 
overall system for aeroacoustic investigations, and preliminary diagnostics to 
demonstrate lack of coupling between the acoustics of the deep cavity and the main 
duct, are described by Yang (2005). For this reason, in this section, only the most 
important aspects, directly relevant to the present investigation, will be described. 
 The main duct, which is constructed from Plexiglas, has a rectangular cross 
section with internal dimensions of 38.2 mm x 25.4 mm. The downstream end of the 
main duct exhausts into the open atmosphere. It is bounded on all four sides over its 
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entire length of 530 mm, except for one open side, which extends across the opening 
of the deep cavity. It is depicted in the lower right portion of the plan view of Figure 
2.4. This open portion of the main duct was designed in a way to ensure that the 
resonance of the deep cavity is decoupled from any possible resonant phenomena 
occurring in the main duct. Two pressure taps located at the designated locations in the 
main duct and the inlet plenum serve as a mean (steady) pressure reference for 
calibration of the mean flow rate through the main duct and the freestream velocity 
approaching the deep cavity opening. 
 The short side wall of the main duct causes a discontinuity in the flow which 
might give rise to coherent vortex formation from its edge. In order to attenuate this 
formation, a vortex generator and a sawtooth plate were placed at the edge as indicated 
at the bottom right of the plan view of Figure 2.4. Non-existence of coherent vortex 
formation from this edge was verified by Yang (2005) after performing hot wire 
measurements and imaging of the local flow structure. In a physical sense, the 
effectiveness of this vortex generator-sawtooth plate arrangement is due to generation 
of patterns of streamwise vorticity by the vortex generator placed upstream of the 
location of separation, and prevention of spanwise coherent vorticity concentrations at 
the separation edge by using the sawtooth configuration, especially when acoustic 
resonant conditions exist in the deep cavity.   
A zoomed-in view of the deep cavity arrangement, as well as the designation of 
four deep cavities used in this study, is given in Figure 2.5a. They were made entirely 
of welded aluminum tube with rectangular cross sections, with a wall thickness of 3.2 
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mm. The total depth of the deep cavity, when mounted to the main duct, is designated 
as Lc. In the present study, depths of Lc = 279.4 mm, 508 mm, 1003.3 mm and 2006.6 
mm were employed. Corresponding total effective depths of cavities, which include an 
experimentally determined (by passive excitation via loudspeaker) added length to 
account for end effects, are Leff = 308.5 mm, 532.6 mm, 1025.7 mm and 2032.2 mm 
respectively. On the other hand, the streamwise length L of the cavity opening was 
kept constant at a value of L = 50.8 mm.                 
The overall emphasis of the present investigation is on the effect of damping on 
the deep cavity response characteristics. The reference case of no damping, which will 
be referred to as “natural damping” in the following sections, involved placement of a 
10.8 mm thick aluminum end plate at the dead end of the deep cavity, as indicated in 
Figure 2.5a. This end plate allowed mounting of an unsteady pressure transducer, in 
order to characterize the amplitude of the pressure fluctuations inside the deep cavity. 
In case of variable damping, the aluminum plate was replaced by a damper system, as 
shown in Figure 2.4. Cases for which the damper system was used to vary the 
damping of the deep cavities will henceforth be referred to as “enhanced damping”. In 
these cases, the pressure transducer was mounted on the end plate of the damper 
system in a similar way as for the reference case.  
An overview of the experimentally-determined resonant frequencies for various 
depths Lc of the deep cavity is given in Figure 2.5b. Theoretically determined resonant 
frequencies of the main duct are also given in the same layout for reference. In order 
to minimize any possible coupling between the side branch (deep cavity) and the main 
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duct, deep cavities were selected in such a way that they did not have resonant 
frequencies in close proximity to the resonant frequencies of the main duct. In 
addition, preliminary diagnostics were performed by Yang (2005) using pressure 
transducers flush mounted along the wall of the main duct, in order to confirm that 
there was no undesirable coupling of resonant phenomena within the main duct with 
resonances of the deep cavity. Positions of these pressure transducers along the main 
duct can be seen in Figure 2.2.        
  Loudspeakers provide one method of externally exciting the system, in order to 
determine the response characteristics, including the system damping. Comparison of 
deep cavity resonant frequencies obtained from theoretical relations and loudspeaker 
excitation experiments is given in Figure 2.5c. In addition to good agreement between 
the measured and theoretically determined frequencies, it should be noted that, for the 
deep cavity open at one end and rigidly terminated on the other, acoustic resonance 
can only be observed at odd multiplies of the fundamental frequency as can be clearly 
seen in the figure. From now on, the fundamental resonant frequency, when excited by 
a source, will be referred to as the first acoustic mode (a1), and the harmonics of it 
will be referred to as the second acoustic mode (a3), third acoustic mode (a5) and so 
on.         
 The boundary layer at the entrance of the main duct was tripped, to generate a 
fully-turbulent boundary layer, by using a sawtooth-edged rectangular bar of height 
1.5 mm and length 6 mm, which was placed along the span of the duct wall that 
eventually connected to the deep cavity. In order to specify the thickness of the 
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boundary layer immediately upstream of the leading-edge of the cavity opening, more 
specifically at a distance of 8 mm upstream of the leading-edge, velocity profiles were 
acquired, and the momentum thickness θ was calculated. Details of this procedure, as 
well as a plot that shows the variation of momentum thickness θ with inflow velocity 
U, are provided by Yang (2005). This variation can be approximated as θ = 1.15 U -1/5. 
For this study, momentum thicknesses were estimated from this relation to be in the 
range of 0.60 mm – 0.48 mm for the investigated range of flow speed 25 m/s to 80 
m/s.     
 
2.4 DAMPING SYSTEM 
 Passively-controlled damping of the deep cavity resonator was achieved using a 
new device, designed and constructed in house. A three-dimensional solids model of 
the damping device is given in Figure 2.6. During the experiments, it was used to 
replace the aluminum rigid plate at the dead end of the deep cavity (Figure 2.2) to 
obtain variable damping of the side branch. The principal components of the device 
are as follows. A Plexiglas wall chamber (D = 25.4 mm) houses a sliding piston, 
which is shown in the mid-section of Figure 2.6. The position of the sliding piston is 
determined by translation of a lead screw. This variation of position of the piston 
results in changes in the chamber volume between the piston and the end of the deep 
cavity. The bottom plate of this damping system, which replaces the thick aluminum 
plate of the reference configuration, contains a piston, whose angular position can be 
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varied by the aforementioned lead screw. This damping system is further clarified by 
the cross-sectional views of Figure 2.7.  
 A detailed view of the end plate of the damping system, which shows the slots for 
the rotating piston and the pressure transducer, is given in Figure 2.8a. Changes in 
angular position of the rotating piston, which is shown in Figure 2.8c, result in 
exposure of a hole(s) of desired diameter to the end of the deep cavity; this aspect is 
also shown in Figure 2.8b. That is, the piston creates an effective orifice opening at the 
end of the deep cavity. This variation of diameter of the opening, together with the 
extent of volume created by the sliding piston, is used to control the variable damping 
of the deep cavity configuration.      
 
2.5 PRESSURE MEASUREMENT SYSTEM AND TECHNIQUES 
 PCB pressure transducers with model number U103A02 were employed for all 
unsteady pressure measurements. This series of transducers has a nominal sensitivity 
of 1727 mV/psi. Each transducer was connected to a PCB Piezotronics Multi-Channel 
Signal Conditioner (Model 48A). Together with PCB transducers, a Validyne steady 
pressure transducer was used to monitor the flow speed in the main duct. Proper 
adjustments of the signal gains were performed with the help of the amplifier unit of 
the conditioner in order to attain desired input voltage levels for the data acquisition 
board.  
 Preconditioned pressure signals were transmitted to a National Instruments Data 
Acquisition Board (Model: PCI-MIO-16E-4) with 12 bit resolution. For the final 
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acquisition of experimental data, the sampling rate was set to 4096 samples per 
second, corresponding to a Nyquist frequency of 2048 Hz, which was well above the 
maximum typical frequency of interest in the present investigation. The board was 
capable of sampling at a rate of 250k samples per second in single channel mode, 
which drops, because of the single analog-digital (A/D) converter on it, to 31k samples 
per second in 8 channel mode. As a result, the maximum scan interval of the A/D 
converter, that is the time passed between the acquisitions of two consecutive samples 
from the same channel, is approximately 32 microseconds. Considering that the 
maximum typical frequency of interest was around 500 Hz, the scan interval did not 
cause significant phase delay between the samples acquired from different transducers 
via different channels of the data acquisition board. In order to attain a reasonable 
frequency resolution in the spectra, unless otherwise stated, 8192 samples were 
acquired from each channel resulting in a step size of 0.5 Hz in the frequency domain.   
 
2.6 QUANTITATIVE IMAGING 
 In order to quantitatively characterize the evolution of the flow patterns during the 
oscillation cycle of flow-acoustic coupling, high-image-density particle image 
velocimetry was performed. An overview of this imaging system, in relation to the 
deep cavity configuration, is given in Figure 2.9. The principal components indicated 
therein are, first of all, a New Wave Solo III double-pulsed Nd:YAG laser system, 
which is used to generate a horizontal sheet of laser light, approximately 1 mm thick, 
in order to illuminate tracer particles in the flow. The spherical lens and the cylindrical 
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lens, which were used to transform the laser beam from the source to the laser sheet, 
are shown as a part of the laser system. The maximum energy output of the laser is 50 
mJ/pulse and the repetition rate was set constant to 15 Hz during the experiments. 
Seeding particles were generated by a TSI seeding generator system located outside of 
the plenum. The particles were in the form of droplets of olive oil, which had 
characteristic diameters of the order of a micron and exhausted into the plenum 
through the seeding inlet shown in Figure 2.3. The seeding density was kept low 
enough to preclude any influences on the speed of sound, as well as the visualized 
flow fields. The patterns of droplets, or particles, were recorded using a 105 mm lens 
mounted digital CCD camera, which had an array of 1600 x 1192 pixels. The field of 
view in the plane of the laser sheet was 56.27 mm x 41.64 mm, in order to encompass 
the leading and trailing edges of the cavity. The consecutive patterns of particle 
images were captured at a time spacing of 3-4 μs, using the double-pulsed capability 
of the laser system. Then, the patterns of particle images were evaluated using a 32 x 
32 Hart correlation technique with 50% overlap ratio in both directions resulting in 
approximately 5,595 velocity vectors in the area of interest.  
For each set of PIV experiments, 150-180 image pairs were recorded without 
phase triggering. For each acoustic mode of interest, approximately 2500 image pairs 
were recorded by conducting 10-15 sets of experiments. In order to define the instant 
at which PIV images were recorded, that is, to define the phase information for each 
velocity field, a laser trigger signal was recorded simultaneously with the pressure 
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reading from the dead end of the cavity. This synchronization procedure will be 
discussed in the next section.  
A total of 800 randomly acquired velocity vector fields were calculated from five 
to six sets of images used for calculation of time-mean and rms distributions (urms, 
vrms, and Reynolds stress). Plots of rms distributions versus the number of images 
averaged, evaluated at selected locations in the flow field, indicated that an average of 
800 images provided a value of rms distributions within 1% of the asymptotic value. 
Using the aforementioned phase-referencing technique, whereby the unsteady pressure 
at the dead end of the cavity served as the phase reference, it was possible to average 
velocity fields at a defined phase of the pressure oscillation cycle. This phase-
referencing process involved identification of those instantaneous velocity fields lying 
within a window of ±1 degree of the desired phase of the pressure fluctuation at the 
dead end of the deep cavity. Typically, for a defined phase, a total of 10 fields were 
averaged to yield phase-averaged representations of velocity magnitude, streamwise 
component of velocity vector, and the cross-stream component of velocity vector as 
well as vorticity. 
In order to determine the flow structure along the span of the cavity, a re-arranged 
version of the imaging system was employed as it is shown in Figure 2.10. In this 
configuration, the laser was located above the cavity test section and the laser sheet 
was directed towards the cavity mouth with the help of a triangular prism. The camera 
was placed orthogonal to the laser sheet. All considerations and specifications of the 
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quantitative imaging described in conjunction with Figure 2.9 hold for this phase of 
the experiments.                  
 Definitions of time-averaged parameters, where N = 800, are given as follows: 
Time-averaged velocity magnitude: 
∑
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Reynolds stress: 
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Similarly, definitions of phase-averaged parameters, where φ is the phase angle 
and N = 10, are given as follows: 
Phase-averaged velocity magnitude: 
∑
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2.7 SYNCHRONIZATION OF QUANTITATIVE IMAGING WITH PRESSURE 
MEASUREMENT  
 Quantitative imaging system was capable of capturing the flow features at a 
maximum repetition rate of 15 Hz. Since the frequencies of the acoustic modes of 
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interest herein had typical values of 270 to 500 Hz, it was not possible to acquire a 
continuous, time resolved sequence of images. For this reason, velocity fields were 
randomly acquired. By sampling at 15 Hz, only one velocity field could be obtained 
per 18 to 33 acoustic oscillation cycles, depending on the frequency of interest. These 
randomly acquired images were used to calculate the time-averaged fields. For the 
phase-averaged fields, a phase-referencing technique was used; the unsteady pressure 
at the dead end of the cavity served as the phase reference. 
 For phase referencing, the Q-Switch Synch Out signal of the first cavity of the 
laser was sampled together with the unsteady pressure at the dead end of the cavity.  
The timing diagram of the laser is shown in Figure 2.11a. The sample case of Figure 
2.11b involves the pressure signal acquired together with the synchronization signal 
for several periods of acoustic oscillation containing two consecutive PIV acquisitions. 
The square wave synchronization signal lasts approximately 110 μs and inadequate 
sampling of it could result in large errors in phase values. For this reason, the sampling 
rate was set to 100 kHz, which results in 10 to 11 data points in the square pulse 
region of the signal. The rising edge of the synchronization pulse, which is shown with 
a red trace in the zoomed in view of Figure 2.11b, was used to calculate the 
corresponding phase value of the pressure oscillation. These calculations were 
performed automatically by using an in-house code. 
All of the quantitative imaging described in the foregoing is based on the flow on 
the midplane, which is representative of the core flow between the side walls of the 
test section. Appendix E provides images of the complete spanwise flow structure. 
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CHAPTER 3 
3 PRESSURE RESPONSE CHARACTERISTICS 
 The pressure response of the deep cavity due to flow excitation was assessed for 
the first, second, and third resonant acoustic modes, designated hereafter as a1, a3, 
and a5, corresponding to the successive quarter-wave modes /4, 3/4 and 5/4 of the 
deep cavity. In doing so, three different cavity depths; Lc = 279.4 mm, 508 mm, and 
1003.3 mm were employed, while the streamwise length of the cavity L was 
maintained constant.  
During preliminary experiments, in agreement with literature, coupling of the first 
hydrodynamic mode of the shear layer with acoustic modes of the deep cavity was 
observed to generate higher pressure fluctuation levels than the coupling of second or 
third hydrodynamic modes. For this reason, in order to minimize the number of 
parameters, detailed analyses were limited only to the excitation by the first 
hydrodynamic mode. 
For all cases, the reference value of the pressure response corresponded to the 
cavity with a solid aluminum plate attached to its end, i.e., the damper system was not 
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present, referred to as either “natural damping” or “no damper” in all of the 
subsequent figures. In this configuration, acoustic radiation from the cavity opening 
and visco-thermal losses at the cavity walls are origins of damping. Varying degrees 
of cavity damping, represented by varying values of Q factor of the cavity, were 
induced by introducing a dissipative damper device. Values of Q factor were obtained 
from pressure spectra acquired during loudspeaker excitation, in absence of mean 
flow. Q factor variations were attained by adjustment of the damper parameters. It 
should be noted that the Q factor of a damped oscillator simply expresses the ratio of 
the stored energy of a system to the dissipated energy per oscillation cycle (Moloney 
& Hatten, 2001; Moloney, 2004). In case the Q factor is high, the system is said to be 
lightly damped, resulting in a sharp resonance. If the Q factor is low, then the system 
is substantially damped and a broad resonance occurs (Rockwell et al. 2003).  
Preliminary diagnostics of the damper system revealed that very effective 
variations of the Q factor of the cavity damping could be attained by maintaining the 
orifice opening (d/D) constant while varying the length of the cavity (Lp/D) internal to 
the damper device (Figure 2.7). Therefore, in the present experiments, this procedure 
was followed. For a given combination of Lp/D and d/D, the inflow velocity in the 
main duct was varied over a wide range, which encompassed the range of significant 
amplitude response of a given acoustic resonant mode. The result was the variation of 
acoustic pressure amplitude p at the dead end of the cavity as a function of flow 
velocity U for each value of Q factor. In the subsequent sections and figures that 
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follow, this type of amplitude response is described, followed by other features of the 
response characteristics of the damped cavity configurations.       
 
3.1 ATTAINMENT OF VARIABLE SYSTEM DAMPING 
Variable damping of the deep cavity resonator was achieved using a new device, 
designed and constructed in house. Varying degrees of enhanced cavity damping were 
attained by simultaneously adjusting two separate parameters of the damping device:  
the effective orifice opening at the end plate; and the chamber volume between the 
piston and the dead end of the deep cavity.  
3.1.1 Effect of Orifice Opening 
 The changes in angular position of the rotating piston arrangement, located at the 
end of the damping device (Figure 2.8c), allowed exposure of a hole(s) of desired 
diameter to the end of the deep cavity. Hole configurations and corresponding 
diameters (d), normalized with the internal diameter (D) of the cylindrical housing of 
the damping device, are shown in the inset of Figure 3.1.  
 In order to investigate the effect of the orifice opening, a preliminary experiment 
was conducted. For this part of the study, the lead screw, which was connected to the 
rotating piston, was driven by a motor. At each step, the angular position of the 
rotating piston was changed by 1.8 degrees, and the unsteady pressure oscillations at 
the dead end of the deep cavity were recorded. Figure 3.1 shows damping of the 
pressure fluctuation magnitude at the dead end of the cavity, in absence of the 
aforementioned cylindrical housing arrangement illustrated in foregoing figures. The 
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decrease in the pressure amplitude at d/D = 0.038 was further improved at d/D = 0.056 
and then at d/D = 0.075. Before reaching the maximum opening size dH/D = 0.134, 
where dH is the hydraulic diameter of the hole, minimum values of the pressure 
amplitude were observed at the 16.2 and 343.8 angular positions of the rotating 
piston. This observation shows that for a given cavity geometry and resonant mode, a 
specific hole diameter should be used to obtain maximum pressure reduction. The 
symmetry of these two angular positions about the 0 position of the rotating piston 
also supports this conclusion. 
The results of the preliminary experiments suggest that, even in absence of the 
compliance effect associated with the volume between the piston and the end of the 
damping device, substantial reductions in pressure fluctuation amplitudes are 
attainable. The degree of attenuation, however, is dependent on the size of the hole(s) 
selected by rotation of the piston. 
3.1.2 Effect of Chamber Volume 
The position of the sliding piston is determined by translation of the lead screw. 
As shown in Figure 3.2a, this variation of the sliding piston position results in changes 
in the chamber volume between the piston and the dead end of the deep cavity.   
 In order to investigate the effect of the chamber volume on pressure oscillation 
amplitudes, a preliminary experiment was performed. The orifice opening was kept 
constant at d/D = 0.056 and the translational position of the sliding piston was 
changed by 0.125 D at each step, in order to change the volume of the chamber by 
1.609 cm
3
 to induce varying degrees of enhanced damping of the cavity. In addition to 
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the pressure transducer at the dead end (p1), three separate pressure transducers, which 
are designated as p2, p3, and p4 in the inset of Figure 3.2a, were employed for 
simultaneous pressure measurements throughout the resonator. The cavity length (Lc) 
for this case is 508 mm and the transducers p2, p3, and p4 are located respectively at 
distances of 76.2 mm, 238.1 mm and 400.1 mm from the dead end of the deep cavity. 
It should be noted that, as a result of the deep cavity configuration, which is open at 
one end and closed on the other, and presence of planar standing waves in the cavity, 
the maximum acoustic pressure value was measured at the dead end of the deep cavity 
(pressure antinode). Similarly, a pressure node (acoustic velocity antinode) was 
present in the cavity opening, where the maximum acoustic velocity was observed.     
 Amplitudes of the spectral peak of pressure are given in Figure 3.2a. The 
oscillations were generated by coupling between the first hydrodynamic mode of the 
flow past the cavity opening (h1) and the second acoustic mode (a3) of the deep 
cavity. All experiments were performed at constant flow speed, corresponding to the 
peak resonance condition of natural damping. It is evident from Figure 3.2a that, for a 
piston displacement of Lp = 10 mm, the pressure amplitudes at all four locations within 
the deep cavity are reduced to zero. Further increase of Lp causes an increase in 
pressure amplitude p until a new equilibrium state is attained at a sufficiently large 
value of Lp. 
 If the pressure amplitude response curves of Figure 3.2a are normalized by 
respective pressure readings obtained at Lp = 0 mm, as indicated in Figure 3.2b, all 
curves tend to collapse to a single, universal curve. This observation indicates that the 
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decrease of pressure amplitude p at the dead end of the cavity (p1) is in accord with 
reductions at all three indicated locations (p2, p3, and p4) along the axis of the deep 
cavity. That is, damping occurs in a systematic manner over the entire extent of the 
deep cavity. 
The issue arises as to whether the reduction in amplitude of the pressure 
fluctuation p occurs in such a manner that the phase shift between pressure 
fluctuations at designated locations within the cavity is preserved, irrespective of the 
levels of enhanced damping. Detailed measurements involving signals from 
transducers along the wall of the cavity indicated that the phase shift between pressure 
fluctuations was preserved during the process of reduction of pressure amplitude. 
These magnitudes of phase shift were determined by applying a technique of cross-
spectral analysis between any two desired locations within the deep cavity.     
 In all of the investigations described in the next sections, the complete damping 
system of Figure 2.7 was employed for both loudspeaker excitation and excitation via 
flow past the opening of the deep cavity. To achieve variable enhanced damping, the 
rotating piston at the end of the damping device was rotated to the desired hole 
configuration, which was kept constant at d/D = 0.056 unless otherwise stated. Then, 
variations of the chamber volume were used to obtain different enhanced damping 
values, represented by varying Q factor of the deep cavity. Alternately, variable 
damping could be achieved through variations of the orifice opening while keeping the 
chamber volume constant. 
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3.2 ASSESSMENT OF DAMPING SYSTEM USING LOUDSPEAKER 
EXCITATION  
 In order to assess the characteristics of the damping system, experiments were 
undertaken using loudspeaker excitation. For all the experiments, the full 
configuration, indicated in Figure 2.7, was employed in absence of mean air flow.  
An important assumption used throughout this study is that the Q factor of a 
resonator is independent of both the freestream velocity and the acoustic pressure 
amplitude. As is shown by Ma et al. (2009), a direct relation can be derived for the 
mechanical impedance and the Q factor of a resonator for the resonance conditions. 
Walker and Charwat (1982), and Hersh and Walker (1995) suggest that the grazing 
flow does not appreciably change the mechanical impedance of a resonator for the 
flow velocities in the range of U/fL < O(10). This finding can be easily generalized for 
the independence of Q factor from the freestream velocity.  
The validity of the latter assumption, which is the independence of Q factor from 
the acoustic pressure amplitude, was shown by the passive excitation of the resonator. 
In order to ensure that amplitudes of excitation commensurate with those associated 
with self-excited oscillations due to flow past the deep cavity, it was necessary to 
employ a special, high powered loudspeaker system. The procedure was as follows: 
the damping device was set at a defined value of hole diameter d/D and a given value 
of chamber volume, proportional to the length scale Lp, indicated in the schematics of 
Figure 2.7. For this fixed set of geometrical parameters of the damping system, the 
amplitude of the loudspeaker excitation was increased to successively higher values. 
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At each amplitude of loudspeaker excitation, the frequency of the loudspeaker output 
was varied over a defined range covering the resonant frequency of interest, by 1 Hz 
step sizes. At each value of frequency, the excitation was applied for 2 seconds and 1 
second of silence was established between two consecutive excitations, to prevent any 
possible interference in pressure readings. As a result, for each amplitude of the 
loudspeaker excitation, a curve of pressure amplitude p at the dead end of the deep 
cavity versus excitation frequency f was generated. From each curve of this type, it 
was possible to evaluate the quality (Q) factor of the deep cavity, for the given 
resonant mode, by: 
12
0
ff
f
Q

               (3.1) 
where f0 is the center frequency and f1 and f2 are the frequencies corresponding to the 
lower and upper half power points. For loudspeaker excitation experiments, the 
frequency range corresponded to the second acoustic mode (a3) of the deep cavity 
(L50.8Lc508 (L2Lc20)), which yielded large amplitude self-excited oscillations in the 
presence of mean flow.  
 Figure 3.3a shows the case of natural damping (the reference case, without the 
damping device attached) in the left column, and cases of enhanced damping in the 
middle and the right columns. In Figure 3.3b, the cases of enhanced damping shown in 
the middle and left columns of Figure 3.3a are replicated for comparison with the case 
of extreme damping, shown in right column. This extreme damping essentially 
attenuates the pressure oscillations in the deep cavity for the second acoustic mode 
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(a3), which is of primary interest. The highest level of excitation was selected such 
that essentially the loudspeaker excitation generated the same pressure amplitude as 
for self-excited oscillations in the presence of mean flow with the natural damping. 
Then the excitation amplitudes were gradually increased until this highest amplitude 
excitation level was reached, in order to examine the effect of the excitation level on 
the Q factor. The nominal values of Q factor are indicated at the top of each set of 
plots and deviations from these nominal values are addressed in Figure 3.4. In Figures 
3.3a and 3.3b, for the same levels of excitation, which are shown with the same line 
colors in each column, the reduction in pressure with increasing cavity damping, thus 
decreasing Q factor values, can be clearly seen.     
Figure 3.4 shows values of Q factor, which were determined from the plots of 
Figures 3.3a and 3.3b, as a function of pressure amplitude at the dead end of the deep 
cavity. The value of Q factor does not vary significantly with the pressure amplitude 
for the case of natural damping (Q = 50) and for enhanced damping with an average 
value of (Q = 35). For the case of enhanced damping at an average value of Q = 29, 
there does appear to be a discernible increase in Q factor with amplitude, but if one 
considers deviations from the bold horizontal line passing through these data, the 
magnitude of the maximum deviation is minimal.  
 In the foregoing, emphasis has been on the quality (Q) factor, as a representation 
of the resonator damping. It should be emphasized that if one evaluates the power 
losses associated with all of the damping mechanisms, they will be a function of the 
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amplitude of the oscillation within the cavity. This type of power assessment is 
beyond the scope of the present investigation.         
 
3.3 ASSESSMENT OF DAMPING SYSTEM USING FLOW EXCITATION  
3.3.1 Deep Cavity Response to a Wide Range of Flow Velocities: Multiple 
Combinations of Acoustic and Hydrodynamic Modes 
Flow induced response characteristics of three separate deep cavity configurations 
with depths of Lc = 279.4 mm, 508 mm, and 1003.3 mm were obtained by varying the 
flow velocity in the main duct over a wide range of 5 m/s to 90 m/s. The result was the 
variation of pressure amplitude p at the dead end of the cavity as a function of flow 
velocity U for natural damping and enhanced damping cases with varying Q factor 
values.  
Figure 3.5a shows the overall pressure response for natural damping and two 
different values of enhanced damping for the case of Lc = 279.4 mm. The designations 
a1, a3, and a5 represent the first, second, and third resonant acoustic modes of the 
deep cavity, and h1 and h2 correspond to the first and second hydrodynamic modes of 
the shear layer. The principal combination a1(h1) is used to show the coupling 
between the first resonant acoustic mode (a1) and the first hydrodynamic mode (h1). 
This coupled mode shows a substantial decrease with decreasing Q factor. In addition 
to this, the coupling ends at a lower flow velocity with decreasing Q factor. Moreover, 
it is evident that with enhanced damping at Q = 27, the peak designated as a1(h2), 
present at lower flow velocity, shows a decrease, and with an increase of damping, Q 
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= 18, it is completely attenuated. Furthermore, the modes a3(h2) and a5(h2) show a 
discernible decrease in peak pressure amplitude with decreasing values of Q = 27 and 
18 associated with the enhanced damping. This observation suggests that attenuation 
of the prevalent oscillation at a1(h1) does not occur in complete isolation relative to 
the other oscillations in the system. It should be also noted that the parameters of the 
damper device were adjusted to vary the pressure levels of a1(h1). Figure 3.5b shows 
the same data as Figure 3.5a in dimensionless form. Non-dimensional pressure 
amplitude, p/cU, which is shown on the y-axis of the graphs, simply denotes the ratio 
of the acoustic velocity amplitude (uac) at the cavity opening to the free stream 
velocity (U) in the main duct. Throughout this study, a maximum value of uac/U ≈ 0.1 
was attained for oscillations in the a1(h1) mode. In several parts of this study, the 
normalized acoustic velocity amplitude uac/U in the cavity opening will be also used 
as an indicator of degree of lock-on of pressure oscillations.  
In Figures 3.6a and 3.6b, the overall pressure response is shown for the case of Lc 
= 508 mm. Generally speaking, the number of excited acoustic modes over the defined 
range of inflow velocity increases with increasing cavity length Lc (Yang, 2005). The 
coupled oscillation of interest is a3(h1), and the effect of enhanced damping results in 
a clear attenuation of pressure amplitudes at this coupling condition. Lower amplitude 
oscillations at, for example, a3(h2) show a significant reduction in amplitude. With 
enhanced damping, it is possible, however, for a new mode of oscillation to occur with 
sufficiently high damping. The oscillation at a7(h2) is present only for the highly 
damped oscillation at Q = 20.   
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In Figures 3.7a and 3.7b, the overall pressure response is shown for the case of Lc 
= 1003.3 mm. These figures show the coupled oscillation at a5(h1), as well as at a 
number of other modes of oscillation, which are closely packed relative to one 
another. The identity of all of these modes of oscillation, involving various 
combinations of a and h, is preserved for both cases of enhanced damping at Q = 48 
and Q = 32, relative to the modes occurring for natural damping at Q = 68. Significant 
amplitude reductions are attainable, for example, for the mode a7(h1) in presence of 
enhanced damping.   
Viewing together all of the plots of Figure 3.5 through Figure 3.7, which represent 
the multiple combinations of acoustic a and hydrodynamic h modes for cavities of 
increasing length (depth), the overall observation is that discernible or significant 
reduction of the peak amplitude of modes of oscillation, other than the primary mode 
of oscillation, can occur. In only one case (Figures 3.6a and b) does a new mode, 
involving a particular combination of an acoustic resonant mode a and a 
hydrodynamic mode h, arise when the system is severely damped. This reappearance 
of acoustic energy at other frequencies in the spectrum is known as peaking, and it is a 
result of increased feedback gain to suppress a specific mode (Williams et al., 2002). 
3.3.2 Coupling of First, Second, and Third Acoustic Modes with First 
Hydrodynamic Mode 
 The overall objective of this study was to determine the effect of variable 
damping on the pressure response of a deep cavity. For this purpose, coupling of the 
first (a1), second (a3), and third (a5) acoustic modes of a deep cavity with the first 
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hydrodynamic mode (h1) of the shear layer was studied in detail to gather further 
insight.  
 Figures 3.8a and 3.8b show the flow-induced response characteristics for the first 
acoustic mode, designated as a1, in dimensional and dimensionless forms respectively. 
The values of pressure amplitudes therein correspond to the magnitudes of the spectral 
peaks of the corresponding spectra. In absence of the damping system at the dead end 
of the cavity, a relatively large value of pressure amplitude of the order of 1,600 
Pascals is attained. With the damper system present, five values of successively lower 
peak pressure are induced as the Q factor is reduced. An interesting feature present in 
the pressure response curves is that the location of the peak amplitude tends to move 
to lower values of flow velocity U as the degree of damping is increased, that is, as the 
magnitude of the Q factor is reduced.             
 Figures 3.9a and 3.9b show the pressure response curves for the second acoustic 
mode, designated as a3, in dimensional and dimensionless forms respectively. The 
distinguishing feature of these curves is the abrupt decrease in pressure amplitude, 
which occur at given values of flow velocity at the three lowest Q factors, i.e., Q = 42, 
29, and 20. The drop-offs are particularly abrupt for the lowest values of Q factor. 
This type of sudden decrease in pressure amplitude was also observed at low Strouhal 
numbers by Dequand et al. (2003), Ziada and Shine (1999) and explained to be a 
typical behavior for low amplitude (uac/U) regimes by Bruggeman et al. (1989). It 
should also be noted that the coupling, which is observed between the flow velocities 
of U = 50 m/s and U = 77 m/s for the natural damping, is further limited to flow 
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velocities in the range of U = 53 m/s and U = 60 m/s by increasing the damping, 
thereby freeing up the remaining range of velocities from acoustic resonance. 
 Figures 3.10a and 3.10b give response curves for the third acoustic mode, i.e., a5. 
For sufficiently high damping, that is, low Q factor, the abrupt decrease of pressure 
amplitude p at higher values of flow velocity U is again evident as was observed in 
Figure 3.9a and b. That is, at values of Q = 32, 39, and 48, all curves exhibit a 
particularly sharp decrease. In fact, a rather rapid decrease is evident even for the 
highest value of Q = 68, corresponding to no damper at the dead end of the cavity 
(natural damping).           
 Figure 3.11 provides direct cross-comparison of the normalized response curves 
for all three modes of the cavity oscillation. This direct comparison emphases the 
difference in shapes of the damped response curves for the second and third acoustic 
modes, a3 and a5, relative to the first acoustic mode a1. An abrupt decrease of 
pressure does not occur for the first mode a1. As a result of this, although a higher 
value of pressure attenuation is observed for the first acoustic mode, coupling still 
exists for a larger range of flow velocities compared to second (a3) and third (a5) 
acoustic modes. 
 Shaded representations of the flow response curves are given in Figure 3.12 for all 
three acoustic modes. Response curves of the first acoustic mode (top left) are 
generally symmetric with respect to their peak points, and there are no sudden drop-
offs of pressure amplitude at a given value of flow velocity. In contrast to this, the 
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asymmetry and the abrupt drop-offs of pressure amplitude at threshold values of flow 
velocity are evident for the second (top right) and third (bottom) acoustic modes.  
3.3.3 Overview of Effects of Damping Based on Degree of Lock-On 
 Up to this point, representative spectra of the pressure fluctuation have not been 
illustrated. It is insightful to characterize the variation of the sharpness of the spectral 
peaks as a function of degree of damping of the cavity and the flow velocity, in order 
to address the issues related to the lock-on of cavity oscillations. 
 Figures 3.13, 3.14, and 3.15 show instantaneous time traces of the pressure 
fluctuation at the dead end of the cavity for the three resonant acoustic modes, a1, a3, 
and a5. Conditions corresponding to the traces shown in these figures are shown in 
Figures 3.8, 3.9, and 3.10 with red dots. In all cases, the traces are essentially 
sinusoidal, which shows that the pressure oscillations are still locked-on, irrespective 
of the value of cavity damping. A departure occurs for the cavity with the smallest 
length (depth) Lc, shown in Figure 3.13, at a relatively low value of quality factor Q = 
18. Significant distortion of this time trace is evident. 
 Figures 3.16a and b show variations of spectra corresponding to the peak pressure 
amplitude of each of the amplitude response characteristics acquired for a given value 
of damping, that is, a specific value of the Q factor. These peak pressure amplitudes 
are designated by red dots on the plots of the pressure response curves, given in the 
same figures. As the magnitude of the damping increases (corresponding to a decrease 
in the value of Q factor), the amplitude of the spectral peak decreases. Except for very 
low values of Q factor of the cavity, a relatively sharp spectral peak is maintained. 
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That is, a relatively broad peak does not set in when the damping becomes relatively 
large. In addition to this, the magnitude of the dimensionless frequency fL/U tends to 
increase with decreasing values of Q factor, i.e., with increased damping. This overall 
variation will be indicated on a subsequent section with a plot of Strouhal number 
fL/U versus dimensionless flow speed U/c. 
 Figures 3.17a and b show the effects of variations of the inflow velocity U for a 
given value of Q factor on the spectra in dimensional and dimensionless form 
respectively. In Figure 3.17b, it is possible to clearly see the decrease of dimensionless 
frequency fL/U with increasing dimensionless flow speed U/c. From Figure 3.17a, it is 
apparent that, although the freestream velocity is almost doubled from the beginning 
of the coupling to the end, the frequencies of oscillation differ up to 10% only, which 
explains the aforementioned observation.  
3.3.4 Dimensionless Frequencies of Response Peaks 
 It is important to address the effect of the damping on the frequency and the 
Strouhal number of the oscillation, in order to gain a complete understanding of the 
physics associated with cavity damping. 
 Figure 3.18 provides, in the top left hand plot, an overview of the frequency f 
versus quality factor Q. For each resonant mode, the frequency of oscillation is 
essentially constant, indicating that the oscillation is locked-on to one of the acoustic 
modes a1, a3, or a5. The corresponding (top right hand) plot of fL/U versus Q factor 
in Figure 3.18 suggests a detectable increase in fL/U with decreasing Q factor. These 
same plots are shown with an expanded vertical scale in the bottom left and bottom 
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right hand plots. The bottom right plot of fL/U versus Q factor clearly shows the 
increasing Strouhal number fL/U with decreasing Q factor.  
In a physical sense, fL/U simply represents the ratio of the average convection 
speed of the shear layer (Uc) in the cavity opening to the free stream velocity (U). At 
the peak values of coupling where the Q factor value is at its highest, because of the 
roll-up of shear layer or discrete vortex formations, the shear layer convection slows 
down. In contrast to this, with the stabilization of the shear layer with increasing 
damping, the convection speed becomes larger, which explains the increase of 
Strouhal number with decreasing Q factor values. This relation between the oscillation 
amplitude and Strouhal number was also observed by Kriesels et al. (1995). 
Variation of the Strouhal number fL/U, with dimensionless velocity U/c is shown 
in Figure 3.19 for three acoustic modes a1, a3, and a5. For a given acoustic mode, 
different data points correspond to different values of Q factors. It is evident that, for a 
given cavity length Lc and a given value of hydrodynamic mode number h1, the cavity 
depth L and the acoustic mode number a have a relatively weak effect on the Strouhal 
number. Despite the fact that the Q factor varies over a relatively wide range, from a 
natural, lightly damped state to a highly damped state, the effect on the variation of 
fL/U is insignificant, yielding an average value of almost 0.4. In similar studies, 
typical Strouhal numbers of 0.3 and 0.4 were obtained by Graph and Durgin (1993), 
and Bruggeman (1987b) respectively, suggesting the first hydrodynamic mode of the 
shear layer. 
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3.3.5 Normalized Peak Pressure Response in Relation to Cavity Damping 
An overview of the peak pressure amplitude response, as a function of Q factor, is 
given in Figure 3.20. That is, the peak pressure amplitude response, normalized with 
the free stream dynamic head p/0.5U2, is employed at each Q factor in the foregoing 
plots, along with additional values of amplitudes obtained from further experiments. In 
addition to the responses of aforementioned three acoustic modes (a1, a3, and a5), the 
seventh acoustic mode (a13) of another deep cavity (L50.8Lc2006.6) is included in 
the same figure for comparison purposes. The slopes of these curves are remarkably 
similar for all cavity lengths Lc except for the shortest (L50.8Lc279.4). The fact that 
all curves having a similar slope are not coincident is due to the different range of flow 
velocity U required to excite the coupled resonance at each value of cavity length. 
Generally speaking, larger values of U are required for excitation of longer (deeper) 
cavities, which promote a downward shift of the respective curves. In general, it can 
be said that the normalized pressure values vary linearly with Q factor, irrespective of 
the acoustic mode number of the coupling. 
3.3.6 Change of Background Level of Pressure Fluctuation and Strength of Lock-
On in Relation to Cavity Damping 
 An appropriate representation of the strength of lock-on, i.e., the degree of 
coupling between the instability/vortex formation along the mouth of the cavity and 
acoustic resonant mode of the cavity, is the strength of lock-on criterion, designated as 
SoL (Mendelson, 2003). The flow-acoustic coupling inherent in cavity resonance 
produces a highly unsteady flow field characterized by strong pure tones at the 
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resonant frequencies of the cavity in presence of a broadband background. All the 
responses of the deep cavities discussed in earlier sections were evaluated from this 
perspective by using SoL criterion.    
Figure 3.21 provides the description of the procedure used to determine the value 
of the SoL for the first hydrodynamic mode h1 of the cavity oscillation. In essence, the 
background pressure amplitude response, due to broadband excitation of the deep 
cavity, is designated as pBB. It is determined by the fit of the red curve on the plot of 
pressure amplitude in decibels, that is p(dB) versus inflow velocity U. The peak 
pressure magnitude is designated as pmax, and the value of SoL = pmax - pBB.       
 In Figure 3.22, each of the four plots represents a different value of Q factor, 
ranging from Q = 68 to Q = 32; all plots correspond to the third acoustic mode. Over 
this range of Q factor, the peak amplitude response decreases by over a factor of 2. 
Close inspection of each of these plots indicates that the magnitude of both pmax and 
pBB at the first hydrodynamic mode h1 decrease perceptibly with decreasing Q factor.     
 The procedure illustrated in Figure 3.21 was followed for all of the data sets 
acquired in this investigation, in order to determine the variations of pmax, pBB, and SoL 
with Q factor for the fundamental (first) hydrodynamic mode of the shear layer 
oscillation. The results are indicated in Figure 3.23. As expected, the maximum 
pressure amplitude pmax of the pure tone oscillation increases substantially with Q 
factor for all cases. The variation of pmax versus Q factor shows a generally similar 
slope for the first two acoustic modes a1 and a3, and a detectably smaller slope for the 
third acoustic mode a5. The plot of the broadband or background pressure amplitude 
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pBB(dB) versus Q factor of Figure 3.23 shows that increased damping, corresponding 
to lower values of Q factor, results in a substantial decrease in the background 
pressure amplitude pBB. Finally, the difference between the coherent pressure 
magnitude pmax and the broadband amplitude pBB, gives the strength of lock-on (SoL). 
It shows, in general, an increase with increasing Q factor for the first two acoustic 
modes a1 and a3. On the other hand, the value of SoL has a nearly constant value for 
the third acoustic mode a5, due to smaller slope of the pmax versus Q factor curve.        
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CHAPTER 4 
4 QUANTITATIVE IMAGING OF FLOW STRUCTURE 
 In order to provide a physical basis for interpretation of the unsteady pressure 
oscillations, which is the principal focus of the present investigation, quantitative 
imaging of the flow structure was undertaken for representative cases. Evolution of the 
flow patterns at the cavity opening during the acoustic oscillation cycle was 
quantitatively characterized by using high-image-density particle image velocimetry 
(PIV). An overview of this imaging system is given in Figure 2.9.  
 Imaging of the flow-acoustic coupling of the first hydrodynamic mode h1 of the 
shear layer with the first acoustic mode a1 of the deep cavity is based on the plots 
shown in Figures 3.8a and 3.8b. These figures show respectively the dimensional and 
dimensionless forms of pressure amplitude at the dead end of the cavity, as a function 
of flow velocity past the cavity opening for varying degrees of cavity damping, 
represented by the Q factor. The large red dots indicate the three conditions employed 
for quantitative imaging and each of these dots lies along a response curve 
corresponding to a defined value of Q factor. Other cases considered are shown with 
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red dots in Figures 3.9a and 3.9b for the coupling of the second acoustic mode a3, and 
in Figures 3.10a and 3.10b for the coupling of third acoustic mode a5, with the first 
hydrodynamic mode h1 of the shear layer.    
 Randomly acquired velocity fields were used for the calculation of time-mean, 
urms, vrms, and Reynolds stress distributions. Using a phase-referencing technique, 
whereby the pressure at the dead end of the cavity served as the phase reference, it was 
also possible to average images at a defined phase of the acoustic oscillation cycle. 
This phase-referencing process yielded phase-averaged representations of velocity 
vectors, the streamwise component of velocity, the transverse component of velocity, 
as well as the vorticity and the streamline topology. Details of PIV acquisition and 
synchronization processes are given in Sections 2.6 and 2.7.   
The phase-averaged images obtained from the aforementioned phase-referencing 
process, which employed acoustic pressure as the phase-reference, were closely 
similar to the corresponding instantaneous images at a given phase of the pressure 
fluctuation. This observation is due to the fact that the flow structure was locked-on to 
the time variation of the pressure at the dead-end of the cavity. Remarkable is the fact 
that such lock-on was obtained and preserved even at relatively low values of 
dimensionless acoustic velocity amplitude uac/U. It should be noted that the flow 
velocity for occurrence of lock-on, i.e., attainment of the peak pressure amplitude 
[p/ρcU]max at the dead end of the cavity, was dependent on the value of cavity 
damping. Generally speaking, increased cavity damping caused a decrease of the 
velocity at which lock-on occurred. This effect may influence the phase relationship 
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between the pressure at the dead-end of the cavity and the deflection of the shear layer 
along the mouth of the cavity.     
 Moreover, this phase relationship may be influenced by the magnitude of the 
dimensionless acoustic velocity uac/U along the mouth of the cavity. It is expected that 
when the value of uac/U is sufficiently high, the deflection of the shear layer will be 
dictated by the time variation of the acoustic particle velocity uac, which is oriented in 
a direction that is predominantly orthogonal to the shear layer along the cavity 
opening. When the value of uac/U falls below a threshold value, however, it may be 
substantially smaller than the hydrodynamic component of velocity. In this case, the 
time-dependent deflection of the shear layer may be substantially influenced by the 
unsteady hydrodynamic field at the downstream impingement corner of the cavity. As 
a consequence, the phase of the shear layer deflection relative to the dead-end pressure 
may differ significantly from the deflection that occurs at relatively high values of 
acoustic particle velocity uac. 
 As a consequence of the foregoing phenomena, for a fixed acoustic mode of the 
cavity oscillation, the phase angle between the shear layer deflection and the dead end 
pressure may vary with the value of the cavity damping, as represented by the quality 
factor Q. In order to provide a clear interpretation of the effect of damping on the 
shear layer deflection and possible modification of the structure of the oscillating 
shear layer, images are phase-referenced with respect to a reference state of the shear 
layer deflection. That is, phase angle φ = 0° corresponds to the maximum outward 
deflection of the shear layer during its oscillation cycle, and increasing values of φ up 
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to 360° represent a complete oscillation cycle. This phase referencing with respect to a 
given state of the shear layer deflection was performed after the foregoing phase-
referencing process using dead-end pressure. For the three acoustic modes a1, a3, and 
a5, and the values of Q factors considered for each mode, the values of phase angle φ 
of the pressure fluctuation (p versus t) that correspond to zero phase angle φ  = 0° of 
the shear layer deflection (η versus t) are as follows. For mode a1: Q = 62 
(φ = 240°); Q = 27 (φ = 330°); Q = 18 (φ = 240°). For mode a3: Q = 55 (φ = 0°); Q = 
42 (φ = 330°); Q = 20 (φ = 330°). For mode a5: Q = 68 (φ = 150°); Q = 48 
(φ = 150°); Q = 32 (φ = 60°).         
 In the following sections, phase averaged and time-averaged patterns of flow 
quantities are presented. In addition, the associated generation of acoustic power is 
discussed for a representative case.  
 
4.1 PHASE-AVERAGED FLOW PATTERNS: FIRST ACOUSTIC MODE   
In order to represent the evolution of the flow structure during the acoustic 
oscillation cycle, flow patterns were obtained for twelve phases, separated from each 
other by 30 degrees of phase angle, which yielded a complete cycle from φ = 0° to 
φ = 360°. Complete set of images associated with the first acoustic mode a1 are given 
in Appendix A.  Figures A1.a – A1.d show the time variation of contour patterns of 
velocity vector magnitudes, that is, <V>p/U. The streamwise component of velocity 
<u>p/U, transverse component of velocity <v>p/U, and vorticity <ω>pL/U are shown 
respectively in Figures A.2a – 2.d, A.3a – 3.d, and A.4a – 4d. In these phase-averaged 
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representations, cases corresponding to natural damping (Q = 62), enhanced damping 
(Q = 27), and enhanced damping (Q = 18) are shown respectively in the top, middle 
and bottom rows of each image layout. Following the phase averaged representations; 
time-mean distributions are given. Root-mean-square velocity fluctuation in the 
streamwise direction urms/U, root-mean-square velocity fluctuation in the transverse 
direction vrms/U, and Reynolds stress <u`v`>/U2 are given in Figures A.5a – A.5c. The 
same type of figures associated with the second (a3) and third (a5) acoustic modes are 
provided respectively in Appendices B and C.  
The representation of the acoustic cycle with twelve images shows the time 
variation of flow quantities quite clearly. In order to investigate the effect of the cavity 
damping on flow structure, a simpler approach was followed by using only four 
images in a cycle. Figures 4.1 – 4.8 provide this type of layout to show the details of 
flow structure associated with first acoustic mode a1.  
Figure 4.1 shows contours of constant phase-averaged velocity magnitude at four 
different phases of the shear layer deflection, for three different values of cavity 
damping. It is evident that the case of natural damping (Q = 62), which is given in the 
first row, exhibits large amplitude undulations of the interface along the cavity. The 
magnitude of these undulations is significantly attenuated for the case of enhanced 
damping (Q = 27) which is given in the second row, and for further, enhanced 
damping (Q = 18) in the third row, the undulations are barely perceptible. 
Figure 4.2 shows the contour patterns of the streamwise component of velocity 
vectors, for the cases considered in the aforementioned figure. The overall trend of 
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increasingly attenuated undulations of the velocity interface with decreasing quality 
(Q) factor is similar to that shown in Figure 4.1.  
If the appropriate conditions are set, the fluid enclosed in the volume of a cavity 
acts as an acoustic resonator to an excitation source, which is air flow in this case. In 
deep cavity configurations, the resonator responds with a disturbance perpendicular to 
the shear layer (Slaboch, 2009). This disturbance, which is in the form of an acoustic 
pressure wave, results in an acoustic velocity field predominantly aligned in the 
vertical (transverse) direction, except for distortions in the vicinity of the leading and 
trailing edges of the cavity (Yang, 2005; Howe, 1975; Howe, 1980).  
 The velocity and vorticity images given in this section are determined 
experimentally using the quantitative imaging technique. Although the vorticity does 
not contain contributions from the acoustic velocity field, which is irrotational, the 
velocity field is the sum of the actual hydrodynamic component and the acoustic 
particle velocity component; that is, it is due to the resonant acoustic wave system 
(Batchelor, 2009). For this reason, the streamwise velocity images may be interpreted 
as essentially due to the hydrodynamic field, whereas the transverse velocity images 
include both hydrodynamic and acoustic field contributions. As a result of this, the 
images of transverse velocity and vorticity can be said to provide a better 
understanding of the flow structure due to acoustic coupling.  
A different perspective is provided in Figure 4.3, which shows the contours of 
constant phase-averaged transverse velocity. The color red indicates a direction of 
transverse velocity oriented in the negative vertical direction, that is, into the cavity, 
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whereas color blue indicates an orientation in the opposite direction. These patterns 
provide a basis for interpretation of the flow structure associated with the non-vorticity 
bearing regions of the flow.  
In the first column of images, that is φ = 0°, outward-oriented (blue contours) the 
flow pattern along the mouth of the cavity dominates, except for the region 
immediately downstream of the separation corner. The magnitude and spatial extent of 
the outward directed flow decreases with decreasing Q factor. Furthermore, for all 
values of cavity damping, a region of inward directed (red contours) flow exists along 
the impingement wall of the cavity.  
In the second column of images (φ = 90°), the flow along the mouth of the cavity 
is dominated by flow oriented towards the cavity. The magnitude and extent of this 
inward-oriented flow decreases with decreasing Q factor. Moreover, at the trailing 
(impingement) corner of the cavity, a region of pronounced outward-oriented flow 
balances the inward-oriented flow.  
In the third column of images (φ = 180°), both inward-oriented and outward-
oriented flow exists along the mouth of the cavity and the interface between these 
inward and outward oriented flow regions shifts further downstream for decreasing 
values of Q factor. Again, the region of pronounced outward-oriented flow occurs at 
the impingement corner of the cavity.  
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Finally, in the fourth column of images (φ = 270°) outward-oriented flow 
dominates along the mouth of the cavity. Overall, it is evident that the magnitudes of 
both the inward and outward-oriented flow velocity decrease with decreasing Q factor.        
Figure 4.4 shows patterns of phase-averaged vorticity for natural damping and 
two different values of enhanced damping. By comparison of images in a given 
column of this layout, it is possible to determine the consequence of increased 
damping (lower values of Q factor) on the structure of the shear layer. The first 
column of images corresponds to the maximum outward deflection (φ = 0°) of the 
vorticity layer, while the third column of images represents the maximum inward 
deflection (φ = 180°). In the second (φ = 90°) and fourth (φ = 270°) columns of 
images, intermediate stages between these extremes are illustrated. In the same figure, 
each row of images shows the development of the vorticity layer with time at a given 
value of damping. For the case of relatively low damping (Q = 62), represented in the 
first row of images, large-amplitude transverse excursions of the vorticity layer occur 
over an oscillation cycle and, for the limiting case of relatively large damping (Q = 
18), represented in the bottom row of images, the vorticity layer shows small 
amplitude transverse undulations about a nominal state.     
Furthermore, the vorticity images of Figure 4.4 illustrate several specific points. 
First of all, in the second column of images (φ = 90°), which corresponds to the initial 
stage of inward (towards the cavity) deflection of the vorticity layer, the streamwise 
extent of the region of high vorticity, indicated by the dark green contour, is relatively 
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small, and for increasing damping (smaller Q factor), this streamwise length becomes 
progressively larger until it extends over nearly the entire streamwise length of cavity. 
Second, in the third column of images (φ = 180°), corresponding to the maximum 
inward deflection of the vorticity layer, the inward deflection at Q = 62 is so 
pronounced that insignificant vorticity exists in the region of the trailing-corner of the 
cavity, while at the lowest value of Q = 18, the vorticity layer continuously impinges 
upon the trailing-corner of the cavity and at the instant indicated, substantial vorticity 
is present in that region. 
 Third, the aforementioned physical events illustrated in the second and third 
columns of images are associated with a streamwise shift of the major concentration of 
vorticity in the vorticity layer, which is depicted in the fourth column (φ = 270°) of 
images. That is, for Q = 62, it is located well upstream of the impingement edge and 
for successively smaller values of Q factor, it is adjacent to, then severed at the 
trailing-corner of the cavity. Due to this streamwise shift, a region of vorticity of 
relatively large spatial extent penetrates into the cavity at Q = 62, and successively 
smaller regions penetrate at Q = 27 and Q = 18. This extent of penetration is also 
evident in the first column of images, corresponding to the beginning of the oscillation 
cycle. 
Phase averaged streamline patterns in the laboratory reference plane are given in 
Figure 4.5a. The upward-oriented (towards the cavity) streamlines in the second 
(φ = 90°) and third (φ = 180°) columns correspond to entrained flow demanded by the 
stresses in the separating and developing shear layer. By close inspection of the 
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images, it is possible to say that the effective shear decreases with increasing damping 
(decreasing Q factor), which results in more stable shear layer formation. It is evident 
from the images that the angle of inclination of these entrained streamlines decreases 
with increasing damping.  
Figure 4.5b shows patterns of the same phase-averaged streamlines as in Figure 
4.5a, in a reference frame corresponding to one-half of the freestream velocity U. It 
should be noted that the aforementioned patterns of streamlines were found to be 
relatively insensitive to reference frame, with frames corresponding to 0.3 U - 0.7 U 
giving essentially the same patterns.  
In all images of Figure 4.5b, a partial or a complete large-scale recirculation zone 
is observed. In the first column (φ = 0°), a saddle point, that is, an apparent 
intersection of streamlines, exists in the cavity opening. For decreasing values of Q 
factor, the location of this saddle point moves downstream. Moreover, the spanwise 
extent of the swirl streamline pattern may be defined as the region bounded by the 
streamlines passing through the saddle point. In this first column of images, this 
spanwise extent of the swirl pattern located downstream of the saddle point is 
relatively large for the largest value of Q = 62, and decreases substantially for 
successively lower values of Q factor. Irrespective of the value of Q factor, the 
apparent center of the swirl pattern is located at the trailing corner of the cavity. These 
features are closely related to the patterns of constant phase-averaged transverse 
velocity shown in the first column of Figure 4.3. The spatial extent and magnitude of 
the transverse velocity decreases with decreasing Q factor and, furthermore, the 
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interface between outward-oriented velocity (blue contours) from the cavity and 
inward-oriented (red contours) velocity towards the cavity is coincident with the 
impingement corner of the cavity.     
In the second column of images (φ = 90°) of Figure 4.5b, the location of the 
saddle point varies only mildly with the value of Q factor. Upstream of the saddle 
point, a well-defined region of swirl exists at all values of cavity damping, and the 
transverse scale of the swirl decreases with decreasing Q factor. Correspondingly, in 
Figure 4.3, the second column of images shows regions of inward-oriented velocity 
whose magnitude and spatial extent decrease with decreasing Q factor.  
In the third column (φ = 180°) of images, streamline patterns are further 
developed, and a well-defined focus, that is, an apparent center of the swirl pattern of 
streamlines, exists at all values of Q factor and, furthermore, the transverse scale of the 
swirl pattern decreases substantially with decreasing Q factor. In Figure 4.3, third 
column of images, pronounced patterns of both outward-oriented and inward-oriented 
velocity extend along the cavity opening, and the interface between these red and blue 
regions corresponds to the location of the focus of the streamline patterns. 
Finally, in the fourth column (φ = 270°) of images, the focus (apparent center) of 
all of the streamline patterns has moved close to the trailing-corner of the cavity. 
Moreover, the transverse extent of the large-scale swirl pattern decreases with 
decreasing Q factor; this trend is in accord with the decreasing magnitude and scale of 
outward-oriented and inward-oriented velocity contours in Figure 4.3.    
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4.2 PHASE-AVERAGED FLOW PATTERNS: COMPARISON OF EFFECTS OF 
DIFFERENT ACOUSTIC MODES 
Detailed analysis of phase-averaged flow patterns in the cavity opening, for the 
first acoustic mode a1, are given in Section 4.1. Because of the similarity of flow 
patterns and the associated general characteristics of different acoustic modes, only the 
comparison of selected cases from the second (a3) and third (a5) acoustic modes with 
the first (a1) acoustic mode will be discussed in this section. 
Figures 4.6a, 4.7a, and 4.8a show contours of constant phase-averaged streamwise 
velocity, transverse velocity, and vorticity for the first (a1) and second (a3) acoustic 
modes of the deep cavity. The same types of layouts are repeated in Figures 4.6b, 
4.7b, and 4.8b for the second (a3) and third (a5) acoustic modes of deep cavity. In 
these figures, the left column corresponds to the case of natural damping with a 
relatively high Q factor and the right column to enhanced damping at a relatively low 
Q factor. At the left of each of these figures, the response curves of normalized 
pressure amplitude versus freestream velocity are shown, and the red dots indicate the 
operating conditions for the acquired images. In these graphs, the normalized pressure 
values, which are given on the vertical axis, can be interpreted as the ratio of the 
maximum acoustic particle velocity to the freestream velocity (uac/U). For the case of 
the first acoustic mode (a1), the response curves are relatively symmetrical, whereas 
for the second (a3) and third (a5) acoustic modes, these curves show a rapid decrease, 
or even a discontinuous, drop at a threshold value of dimensionless velocity U/c. It is 
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therefore of interest to determine the effect of the acoustic mode on the structure of the 
shear layer along the cavity. 
Figures 4.6a and 4.6b show the contours of constant phase-averaged streamwise 
velocity. For the first acoustic mode, the maximum outward (φ = 0°; top row of 
images) and inward (φ = 180°; bottom row of images) deflection of the velocity 
interface is illustrated for the natural damping (Q = 62) and the enhanced damping (Q 
= 18). It is possible to conclude that increasing the cavity damping (lower Q factor) 
results in the same effect for each acoustic mode: increasingly attenuated undulation 
of the velocity interface with decreasing quality factor.  
When these patterns are analyzed together with the corresponding patterns of 
transverse velocity given in Figures 4.7a and 4.7b, and vorticity patterns given in 
Figures 4.8a and 4.8b, it is possible to point out the similarities and differences. For 
the same phase angles of the oscillation cycle and similar cavity damping conditions, 
the overall forms of these patterns are remarkably similar, irrespective of the acoustic 
mode number. However, the observed small differences might be attributed to the 
different values of the cavity damping (Q factor) and the associated normalized 
acoustic velocity values (uac/U).  
At this point, the issue arises as to whether the structure of the unsteady shear 
layer is similar for different acoustic modes a, if the magnitude of the dimensionless 
acoustic velocity uac/U has approximately the same value. Figure 4.9 shows such a 
comparison of first (a1), second (a3), and third (a5) acoustic modes for four different 
phases of the acoustic oscillation cycle. The left and middle columns correspond to the 
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enhanced damping cases of the first (a1) and second (a3) acoustic modes where uac/U 
= 0.038, and uac/U = 0.033 respectively. In contrast, the right column corresponds to 
the natural damping case of the third acoustic mode (a5), where uac/U = 0.035. 
Although the oscillation frequencies of these three acoustic modes lie in the range of 
270 Hz – 480 Hz, irrespective of the acoustic mode number, the structure of the 
unsteady vorticity layer is remarkably similar. This observation suggests that the 
acoustic mode number does not play a critical role in the development of the shear 
layer. On the other hand, damping of the cavity plays a clear role that is not directly 
related to the measured values of Q factor. Finally, the normalized acoustic velocity 
(uac/U) can be viewed as an appropriate measure of lock-on of the oscillations and the 
associated shear layer pattern in the cavity opening.         
 
4.3 TIME-AVERAGED FLOW PATTERNS: FIRST ACOUSTIC MODE   
In addition to phase-averaged images, time-averaged representations of the 
unsteady flow field are provided in order to show the effects of the cavity damping (Q 
factor) on flow patterns.  
As was mentioned in Section 4.1, the hydrodynamic field due to the actual flow, 
and the acoustic field due to the resonant acoustic wave system, coexist along the 
opening of the cavity. Since the acoustic field is predominantly oriented in a direction 
that is orthogonal to the shear layer along the cavity opening, both velocity fields 
contribute to the transverse velocity fluctuations. On the other hand, except for the 
distortions in the vicinity of the leading and trailing corners of the cavity, the acoustic 
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field does not contribute to the streamwise velocity fluctuations. For this reason, root-
mean-square streamwise velocity fluctuation may be interpreted as essentially due to 
the hydrodynamic velocity field (Yang, 2005). On the other hand, root-mean-square 
transverse velocity fluctuation and Reynolds stress distributions both contain 
fluctuations due to combination of hydrodynamic and acoustic fields.   
Patterns of Reynolds stress, that is the correlation between streamwise and 
transverse velocity fluctuations, are an indication of the magnitude of the flow 
entrained into the separating shear layer. Most often, Reynolds stresses are the largest 
components of the Lighthill stress tensor. For this reason, knowledge of spatial and 
temporal characteristics of Reynolds stress patterns is crucial for the understanding of 
acoustic radiation (Morris, 2011).          
Figure 4.10 shows an overview of the effect of damping, that is the value of Q 
factor, on the patterns of root-mean-square streamwise velocity fluctuation urms/U (top 
row), root-mean-square transverse velocity fluctuation vrms/U (middle row), as well as 
patterns of Reynolds shear stress <u`v`>/U2 (bottom row) for the first acoustic mode 
a1. The common feature of all of these images is, first of all, a substantial attenuation 
of the peak magnitude with decreasing Q factor. Furthermore, the width of the region 
of relatively high amplitude of each of these time-averaged patterns decreases with 
decreasing Q factor. Finally, for all of the aforementioned patterns, the streamwise 
locations of the peak magnitudes, which are shown with cross signs in the images, 
move downstream with decreasing Q factor. The same type of images for the second 
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(a3) and third (a5) acoustic modes are given in Appendices B.5a – B.5c and C.5a – 
C.5c respectively, which agrees well with the above observations.    
Figure 4.11 shows, for the first acoustic mode of the deep cavity, time-averaged 
patterns of vorticity and transverse velocity, as well as streamline topology, in the 
laboratory reference frame.  
The vorticity contours shown in the top row of Figure 4.11 indicate that, for the 
relatively small cavity damping, corresponding to the highest value of Q factor, the 
high level (green tones) of vorticity is rapidly attenuated in the streamwise direction 
and, at successively lower values of Q factor, this region (also designated by the 
length l) extends further downstream, eventually intersecting the impingement corner 
of the cavity. This streamwise degradation of high level vorticity is associated with the 
large-amplitude transverse undulations of the vorticity layer shown in the phase-
averaged images of Figure 4.4; it is also apparent in the second column of images of 
Figure 4.4. A further observation is that the width of the vorticity layer that protrudes 
into the cavity (blue contour), has a substantially larger width for the highest value of 
Q factor (Q = 62) relative to a narrow width for the smallest value of Q factor (Q = 
18). This feature is also suggested in the images of Figure 4.4, in first and fourth 
columns. Since the form of the vorticity layer along the mouth of the cavity plays a 
central role in the generation of acoustic power, as will be addressed subsequently in 
Section 4.5, observations regarding the regions of maximum phase-averaged vorticity 
are of central importance and, as seen by comparison of images of Figure 4.4 and 
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Figure 4.11, such observations are also consistent with the time-averaged patterns of 
vorticity. 
In the second row of Figure 4.11, contours of constant time-averaged transverse 
velocity are indicated. Blue contours indicate outward-oriented transverse flow, i.e., 
flow towards the mouth of the cavity, and red contours indicate inward-oriented flow. 
As the value of Q factor decreases, regions of large magnitude (dark blue) outward-
oriented flow move away from the mouth of the cavity, and the width of the large 
magnitude (dark red) inward-oriented flow decreases. A further, common feature at all 
values of Q factor is the existence of a localized region of outward-oriented flow at the 
impingement corner of the cavity. The scale of this localized region decreases, 
however, with decreasing Q factor. Consideration of this localized blue region, in 
conjunction with the red region along the wall of the cavity, suggests a stagnation 
point near the impingement corner.  
Furthermore, the third row of Figure 4.11 shows patterns of streamlines in the 
laboratory reference frame. The existence of a stagnation streamline, emanating from 
the upstream corner of the cavity and impinging on the downstream corner, is evident 
at all values of Q factor. Moreover, the general form of the streamline pattern, 
involving inward-oriented flow in the vicinity of the impingement surface of the 
cavity and outward-oriented flow over a major share of the streamwise length of the 
cavity opening, is apparent at all values of Q factor. These outward-oriented 
streamlines correspond to the entrained flow into the cavity shear layer. If the large 
amplitude transverse undulations of the vorticity layer at the highest value of Q factor 
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are associated with large values of Reynolds stress, then this outward-oriented flow of 
large magnitude, accordingly indicated in the second row of images of Figure 4.11, 
satisfies the entrainment demand due to increased Reynolds stress. As was shown 
previously, this is indeed the case. 
 
4.4 TIME-AVERAGED FLOW PATTERNS: COMPARISON OF EFFECTS OF 
DIFFERENT ACOUSTIC MODES 
A summary of the time-averaged images of unsteady flow field associated with 
coupling of the first hydrodynamic mode of the shear layer (h1) and the first acoustic 
mode (a1) of the deep cavity are provided in Section 4.3. In order to point out the 
similarities and differences between the flow patterns of first (a1), second (a3), and 
third (a5) acoustic mode couplings, comparison layouts are provided in Figures 4.12 – 
4.18. 
Figure 4.12 shows the variation of maximum values of root-mean-square 
streamwise velocity fluctuation, transverse velocity fluctuation and Reynolds stress as 
a function of cavity damping (Q factor) for the first (a1), second (a3), and third (a5) 
acoustic modes. As a reference, locations of these maximum values in the cavity 
opening are shown in Figure 4.10 for the first acoustic mode (a1). All three quantities 
show substantial decrease with increasing cavity damping (decreasing Q factor). For 
the second (a3) and third (a5) acoustic modes, the relation between the 
aforementioned quantities and the Q factor seems to be linear for the Q factor range 
encountered in this study. However, it should be noted that the smallest value of Q 
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factor (Q = 18) for the first acoustic mode (a1) does not agree with this observation 
and was excluded in curve fitting. 
Contours of time-averaged velocity magnitude are given in Figure 4.13. Images 
corresponding to the first (a1), second (a3), and third (a5) acoustic modes are given 
respectively in the top, middle and bottom rows. Cases for natural damping, enhanced 
damping, and further enhanced damping are shown respectively in the left, middle and 
right columns of each image layout. In addition to Q factors of each case, 
dimensionless acoustic velocity values (uac/U) are indicated in top left corners of each 
image.  
It is clear from the images of Figure 4.13 that, for a given acoustic mode a, large 
amplitude undulations of the velocity interface along the cavity opening decrease with 
increasing cavity damping (lower Q factor). Furthermore, maximum amplitude 
undulation of the interface is observed for the first acoustic mode a1 at Q = 62. 
Although this Q factor is not the maximum of the all given values, the dimensionless 
acoustic velocity of this case is clearly the highest of all, with uac/U = 0.1. This 
observation is in agreement with the conclusions obtained from Figure 4.9 and is 
previously discussed in Section 4.2.  
Figure 4.14 shows the contours of time-averaged streamwise velocity. From this 
figure, the effect of the cavity damping on the flow patterns can be easily seen in the 
form of reduced levels of velocity interface undulations with increasing damping. In 
addition, cases with approximately the same dimensionless acoustic velocities, e.g. Q 
= 27 (a1), Q = 42 (a3), and Q = 68 (a5), show almost the same flow patterns. This is 
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also seen for Q = 18 (a1), Q = 20 (a3), and Q = 32 (a5) at another value of 
dimensionless acoustic velocity. 
Contour patterns of time-averaged transverse velocity and vorticity are given in 
Figures 4.15 and 4.16 respectively. It is clear from these images that all of the 
observations of Figure 4.11 for the first acoustic mode a1, are also valid for the flow 
patterns of the second (a3) and third (a5) acoustic modes. Especially evident are 
streamwise degradation of high level vorticity (green tones) and decreasing width of 
the vorticity layer that protrudes into the cavity (blue contour), which occur with 
increasing cavity damping, and are also pronounced in the images corresponding to 
the second (a3) and third (a5) acoustic modes.   
Flow-acoustic coupling occurs over a wide range of flow velocities. As the flow 
velocity is increased, coupling of different acoustic modes with different 
hydrodynamic modes of the shear layer are observed. However, at some flow 
velocities, it may be possible to obtain coupling-free conditions. Such a case was 
investigated by Yang (2005) using a deep cavity with a depth of Lc = 482.6 mm. The 
time-averaged vorticity pattern corresponding to this no-resonance case is given in the 
bottom left corner of Figure 4.17. The vorticity pattern obtained by Yang (2005) for 
coupling of the first acoustic mode a1 and the first hydrodynamic mode h1 is also 
shown in the top right corner of the Figure 4.17. In the left column of Figure 4.17, 
vorticity images are given for coupling of the second acoustic mode a3 with the first 
hydrodynamic mode h1, with natural damping and enhanced damping. It should be 
noted that the top row images corresponds to nearly the same dimensionless values of  
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acoustic velocity uac/U = 0.054 and 0.052. The difference in the smoothness of contour 
boundaries can be attributed to the difference between the numbers of images used for 
time-averaging, which is 800 in this study, instead of 100 images used by Yang 
(2005). The resemblance of the top row images to each other is very clear. Although 
this is not the exact case for the bottom row images, similar effects of cavity damping 
on the vorticity patterns can be easily seen. As an important difference, the bottom left 
image corresponds to a dimensionless acoustic velocity value of uac/U = 0.014, and 
does not correspond to a fully attenuated oscillation case, which explains the slight 
differences with the no-resonance case vorticity pattern. Also, the aforementioned 
relations of degradation of high level vorticity (light green contours) and decreasing 
width of the vorticity layer (dark green contours), with increasing cavity damping are 
clearly visible on both columns. 
Time-averaged streamline patterns are given in Figures 4.18a and 4.18b for the 
laboratory reference frame and another reference frame corresponding to one-half of 
the freestream velocity U. All images of Figure 4.18a exhibit similar topologies. 
Conclusions reached from Figure 4.11 for the first acoustic mode a1 in Section 4.3 are 
also valid for the streamline patterns of second (a3) and third (a5) acoustic modes.  In 
Figure 4.18b, it is easier to see the effects of cavity damping on streamline patterns. 
The change in the spanwise extent of the swirl pattern with increasing cavity damping 
(lower Q factors) is evident for each acoustic mode. This effect is also shown in 
phase-averaged streamline patterns of Figure 4.5b. Furthermore, irrespective of the 
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acoustic mode number and damping level, the position of the saddle point stays the 
same.  
 
4.5 PATTERNS OF ACOUSTIC POWER GENERATION 
 A necessary condition for maintaining self-sustaining oscillations is generation of 
positive acoustic power along the cavity opening, which is associated with the 
oscillations of the shear layer. For an oscillation with constant amplitude, this power is 
balanced by the visco-thermal losses and acoustic radiation, which is the basis for the 
indirect measurement of the source power (Kriesels et al., 1995). In this study, 
quantitative imaging of the flow structure, described in the previous sections, provides 
a basis for determination of this source power.    
 In addition to viscous damping and radiation damping, the positive acoustic 
source power associated with oscillations of the unsteady shear layer along the cavity 
opening must overcome the induced damping due to the damping system mounted at 
the dead end of the side branch. The goal of this part of the investigation is to relate 
the underlying physics of the unsteady shear layer and the acoustic field to the 
acoustic power generation, while accounting for variations of damping of the side 
branch resonator. 
With knowledge of the hydrodynamic velocity field V, vorticity field ω, and the 
acoustic particle velocity field Vac, it is possible to calculate the acoustic power P at 
any instant during the acoustic oscillation cycle, using the overall concept of Howe`s 
(1980) acoustic power integral: 
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dAVVP ac∫ ⋅×−= )(0 ωρ        (4.1) 
or, equivalently: 
∫ ×⋅−= dAVVP ac )(0 ωρ       (4.2) 
In this equation, the term )(0 V×− ωρ is known as the Coriolis source, and it is 
responsible for extracting mean energy for the generation of acoustic tones, from the 
energy of the mean flow (Howe, 1980).   
The acoustic power integral equation, described in the foregoing, assumes that the 
sound field is compact in the interaction region where the vorticity is generated, which 
means that the region covered by the vorticity is small relative to the acoustic 
wavelength. This condition is satisfied for the present investigation. 
Calculation of the acoustic power in previous investigations has assumed that the 
acoustic particle velocity can be calculated independently of the hydrodynamic 
velocity and vorticity fields. In other words, it is assumed that the acoustic velocity is 
not significantly distorted in presence of undulations of the shear layer and formation 
of concentrations of vorticity. This assumption is reasonable in view of the fact that 
the acoustic wavelength is much larger than the wavelength of the instability and 
vortex formation along the opening of the cavity. As a first step, towards the 
calculation of the acoustic power, it is therefore appropriate to determine the 
hydrodynamic contributions to the acoustic power generation. These contributions, 
expressed in terms of streamwise x and cross-stream y components, are: 
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[ω x V]x    and     [ω x V]y        (4.3) 
In this study, the focus was on the spatial distribution of total acoustic power and 
hydrodynamic contributions to the power generation. For this reason, the numerical 
evaluations of integrals are not given here. However, as one might expect from the 
calculations, it was seen that the value of the integral decreases with increasing cavity 
damping (lower Q factor).     
The velocity and vorticity in the aforementioned expressions are determined 
experimentally using the quantitative imaging technique. Although the vorticity does 
not contain contributions from the acoustic particle velocity field, which is irrotational, 
the velocity field is the sum of the actual hydrodynamic component and the acoustic 
particle velocity component. The latter is typically small compared to the former. 
However, the magnitude of the acoustic particle velocity was fully accounted for in 
the hydrodynamic contributions to the acoustic power integral. 
Herein, phase-averaged representations of vorticity ω and hydrodynamic velocity 
V are employed. The respective phase averages are first performed for each of these 
quantities, and then the indicated curl of Equation 4.1 is performed. Regarding the 
acoustic field, the  present approach involved numerical solution of the wave equation 
(two-dimensional Helmholtz equation), which gave patterns of acoustic particle 
velocity over an acoustic oscillation cycle. Then using a phase-referencing technique 
involving the pressure transducer at the dead-end of the cavity, a given pattern of 
calculated acoustic particle velocity could be matched with the corresponding patterns 
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of hydrodynamic velocity and vorticity, required for Howe`s acoustic power integral 
calculation.  
Calculations associated with the aforementioned acoustic power generation were 
performed for the conditions corresponding to the red dots designated in Figures 3.8a 
and 3.8b. If one were to consider the acoustic power generation over all cycles of 
acoustic oscillation corresponding to the three acoustic modes of interest, as well as 
varying degrees of damping for each mode, the following common issues should be 
addressed: the relationship between the patterns of acoustic power at a given phase of 
the oscillation cycle and the corresponding patterns of the velocity components and 
patterns of vorticity; the degree to which the pattern of vorticity dominates the pattern 
of acoustic power, relative to the patterns of hydrodynamic velocity; the 
hydrodynamic contributions to the acoustic power integral in the streamwise and 
transverse directions, and the degree to which these contributions each contribute to 
the resultant acoustic power; and the degree to which the patterns of acoustic power 
are symmetrical or antisymmetrical for phase angles separated by 180°.  
The issues mentioned above are addressed in Figures 4.19a - 4.21b by considering 
the first acoustic mode (a1) flow patterns. Figures 4.19a, 4.20a, and 4.21a represent 
the same phase angle, φ = 0° during the acoustic oscillation cycle, and correspond to 
the occurrence of maximum negative acoustic power generation for the cases of 
natural damping (Q = 62), enhanced damping (Q = 27), and enhanced damping (Q = 
18) respectively. Layouts corresponding to the same phase angle of φ = 180° during 
the acoustic oscillation cycle are given in Figures 4.19b, 4.20b, and 4.21b respectively 
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for the same cavity damping conditions. These figures compare the major features of 
the hydrodynamic field in the top rows. That is, patterns of phase-averaged streamwise 
velocity <u>p/U, as well as transverse velocity <v>p/U are shown in direct 
comparison to the pattern of phase-averaged vorticity <ω>pL/U. The bottom rows of 
figures show the streamwise (<ω>pk x <v-uac_y>pj)L/U2 and transverse (<ω>pk x <u-
uac_x>pi)L/U2 components of the hydrodynamic contribution to the acoustic power 
integral. These images are compared with the bottom right images of each figure, 
which represent the total acoustic power P/(ρU3A). Comparison of these images yields 
the following observations: 
i. The image of the transverse component of the hydrodynamic contribution 
(<ω>pk x <u-uac_x>pi)L/U2 has a form that is nearly identical to the image 
representing the total acoustic power P/(ρU3A), thereby indicating that the 
streamwise component (<ω>pk x <v-uac_y>pj)L/U2 of the hydrodynamic 
contribution has negligible influence on the generated acoustic power, 
apparently due to the fact that the direction of the acoustic particle velocity is 
orthogonal to this component of the hydrodynamic contribution, except in 
regions close to the corners of the cavity. 
ii. A further observation is that the image of total acoustic power P/(ρU3A) has 
a very similar form to the image of phase-averaged vorticity <ω>pL/U, 
thereby suggesting that the details of the hydrodynamic velocity distribution 
do not play a dominant role in determining the spatial distribution of acoustic 
power. 
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A distinction occurs, however, when comparing the pattern of total acoustic 
power P/(ρU3A) at maximum negative power generation shown by the red contours in 
the lower right corner of Figure 4.19a and at maximum positive power generation 
represented by the blue contours in the lower right corner of Figure 4.19b. These 
patterns are not mirror images of each other, despite the fact that they occur with a 
phase separation of 180°. 
Figure 4.22 shows the variation of the contour patterns of total acoustic power 
over an entire oscillation cycle for the first acoustic mode a1 with natural damping (Q 
= 62). Color blue indicates positive acoustic power, whereas color red designates 
negative power. During the portion of the acoustic cycle that the acoustic velocity is 
zero, the corresponding power generation is also zero, as indicated at φ = 90° and φ = 
270°. At other phase values, the sign of the acoustic velocity determines the sign of 
the total acoustic power.      
4.5.1 Prediction of Cavity Pressure Response 
4.5.1.1 Acoustical Model 
 Prediction of the frequency and amplitude of the oscillations is an important 
aspect in applications involving flow-acoustic coupling. Although prediction of the 
frequency for simple geometries is a straight forward application, and involves well 
established relations, prediction of pressure amplitudes exhibits several complexities.  
In this study, in addition to known dissipative mechanisms of visco-thermal 
damping and acoustic radiation damping, a third dissipation mechanism was 
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introduced for the purpose of obtaining varying degrees of cavity damping. In order to 
obtain steady pressure oscillations, power losses due to these three mechanisms should 
be balanced by the acoustic power generation (Howe, 1980). Determination of the 
specific contributions of these three mechanisms presents significant difficulties and 
uncertainties. However, for low-amplitude pressure oscillations, knowledge of the 
vorticity distribution and velocity distribution in the vicinity of cavity opening 
provides a better representation of the acoustic power generation, which can be used 
instead of the individual contributions of loss mechanisms. In this study, acoustic 
power calculation, together with the quality factor of the cavity determined via passive 
excitation was used in order to predict the deep-cavity pressure oscillation amplitudes.  
Ma et al. (2009) proposed a model that provides prediction of the resonator 
pressure fluctuations, based on flow conditions and the acoustic properties of the 
resonator, which was shown to provide an accurate representation of the resonating 
frequency as well as the magnitude of the pressure oscillations within a few decibels. 
Because of the similarity between the approaches, this model was adapted and used in 
this study to support obtained results. Most complete and final forms of the equations 
from this model are given in this section. For further details and for the derivations of 
equations, the reader is referred to Ma et al. (2009) and Slaboch (2009).     
According to the model by Ma et al. (2009), for the control volume of interest, 
Euler`s equation in Crocco`s form is given as: 
2
1
2V
Vp
t
V ∇−×−=∇+∂
∂ ωρ        (4.4) 
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The streamwise length of the control volume in this model starts from the leading edge 
of the cavity and extends towards the trailing edge. In the depthwise direction of the 
cavity, boundaries are chosen in such a way that the volume contains the vorticity 
bearing region. In addition to this, since both boundaries in the depthwise direction are 
considered to be far from the unsteady motion of the shear layer, the unsteady 
components of hydrodynamic velocity and acoustic velocity are taken as negligibly 
small. By considering that the self-sustained acoustic resonance is periodic, the 
Fourier transform of equation (4.4) in two-dimensional space is given as: 
∫∫ ∧
∧
−=−+⎟⎠
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v
bottomtop )()(
^^ ωρρ     (4.5) 
In this equation, ^ denotes a Fourier transformed variable, where u, v and ω are the 
streamwise and transverse components of flow velocity and vorticity respectively. 
Then the pressure values at the upper edge (p^top) and lower edge (p^bottom) of the 
control volume can be written in terms of the acoustic radiation pressure (p^rad), 
resonator excitation pressure (p^exc) and resonator pressure (p^res). So the equation (4.5) 
takes the form: 
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      (4.6) 
In equation (4.6), the left-hand side represents the ratio of the total external excitation 
to the resonator pressure; the first term in the numerator is the forcing term due to 
incoming acoustic waves and the second term is the hydrodynamic forcing term due to 
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the unsteady vorticity formation in the shear layer. On the other hand, the right-hand 
side of this equation is equivalent to the non-dimensional mechanical impedance (Z*) 
of the system.  
 The general resonator configuration can be described as a mass-spring system as 
given in equation (4.7); 
)(^
^^
2
2
tFK
dt
dR
dt
dM =+⎟⎠
⎞⎜⎝
⎛+⎟⎟⎠
⎞
⎜⎜⎝
⎛ ξξξ          (4.7) 
In this equation, ξ is the effective displacement of acoustical mass and is taken as 
oriented in the cavity depthwise direction. M represents the effective acoustic mass in 
the control volume, R is the damping due to the radiation damping, and a net viscous 
damping arising from the losses due to the cavity walls. It should be noted that a third 
dissipation mechanism was introduced in this study by using the damper device at the 
deep cavity termination and its contribution to the losses is also included in the R term. 
K is defined as the stiffness, and F(t) is the external forcing function acting on the 
system.     
By substituting the terms given in equation (4.7) into equation (4.6) and after 
further simplifications, the non-dimensional mechanical impedance of a Helmholtz 
resonator system can be given as:  
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* ++−=++−= QfifK
KfRiMfZ ππ        (4.8) 
where f* is the non-dimensional frequency and equal to f/fhr, where: 
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π2// MKfhr =   and  RMfQ hr /2π=     (4.9) 
For the case of zero acoustic excitation pressure, equation 4.6 can be written in terms 
of non dimensional impedance as: 
*** /ˆˆ ZFpres =        (4.10) 
where: 
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Alternatively, if the streamwise component of velocity is assumed to be a constant 
convection speed, the forcing term can be written in terms of vorticity only: 
∫ Γ=≈ *2* ˆ2//ˆ2/ˆ UULdALUUUF cc ω      (4.12) 
Equation (4.11) suggests that, for a given distribution of flow velocity and 
vorticity in the cavity opening, or the given distribution of the vorticity alone 
(Equation 4.12), dimensionless hydrodynamic forcing term could be evaluated. 
Similarly, from the passive excitation (loudspeaker excitation) of the resonator, the 
resonant frequency and associated Q factor could be evaluated, which yields the 
impedance of the system for the resonance condition, by use of equation (4.8). Finally, 
the non-dimensional resonator pressure could be evaluated by using these two 
variables. It should be noted that equation (4.8) gives the acoustic resonator response 
over a wide range of excitation frequencies, in contrast to single value of frequency, 
which is the resonant frequency.  
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For the case of the Helmholtz resonator, at resonance (f = fhr), equation (4.8) is 
further simplified to: 
          QiZ hrff
1* ==         (4.13) 
which suggests that the forcing acoustic pressure is 90° out of phase with acoustic 
velocity.  
Helmholtz resonators are classified as lumped systems. On the other hand, deep 
cavities, one like in this study, are classified as distributed systems and exhibit several 
differences compared to Helmholtz resonators. Equations (4.4)-(4.7) given in the 
foregoing hold for both configurations. After some simplifications, the non-
dimensional impedance of the deep cavity opening can be written in a similar way as 
equation (4.13), in agreement with Kinsler et al. (1982): 
     
an
a
anff Q
niZ ==*        (4.14) 
where na is the acoustic mode number (na = 1, 3, 5 …), and Qna is the quality factor 
associated with the resonance of that acoustic mode. It should be noted that, in 
contrast to the single resonant frequency of Helmholtz resonators, open-closed deep 
cavities resonate at their fundamental resonance frequencies and at odd multiples of 
the fundamental frequency.     
4.5.1.2 Results Obtained by Acoustical Model 
In order to predict the cavity pressure oscillations for the case of flow-acoustic 
coupling, hydrodynamic forcing terms were evaluated for the first (a1), second (a3) 
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and third (a5) acoustic modes of the deep cavity, for three different levels of cavity 
damping. The sequence of phase averaged velocity and vorticity fields obtained via 
PIV measurements were used for the calculation of forcing terms; *Fˆ  via equation 
(4.11) and *Γˆ via equation (4.12).  
Values of *Γˆ  and *Fˆ  obtained for investigated nine different cases are shown in 
two separate graphs in the left column of Figure 4.23. It is evident from the figure that, 
although the values vary with the varying levels of cavity damping, the average values 
for each acoustic mode do not change significantly. As shown in the previous chapter, 
corresponding changes in the acoustic pressure level are more significant than changes 
of values of the forcing term. This trend was also observed by Ma et al. (2009) and use 
of an average value of *Fˆ  = 0.032 was suggested as a reasonable approximation. In 
this study, the average value of forcing term for the investigated nine cases was found 
to be *Fˆ  = 0.0325, which agrees well with the average value of  *Fˆ  = 0.032 obtained 
by Ma et al. (2009). This model was also applied to several similar studies from the 
literature by Ma et al. (2009) in order to calculate the forcing term and typical values 
were found to vary between 0.025 and 0.05, which also agrees well with the results 
obtained in this study.    
In order to calculate the forcing term *Fˆ  by using *Γˆ , convection speeds were 
determined as a function of Q factor. Results obtained for varying degrees of cavity 
damping are given in Appendix D. It should be noted herewith that the calculated 
values of convection speed of Uc = 0.35U - 0.42U, together with an average value of 
*Γˆ = 0.0366, yields the same average *Fˆ  with, at most, ten percent error.  
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Finally, the forcing terms and measured Q factors determined in the foregoing 
were used in equation (4.14), in order to predict the pressure oscillation amplitudes 
inside the cavity. Measured values of unsteady pressure are given in the right column 
of Figure 4.23, together with the theoretical predictions. Good agreement between the 
measurements and the theory shows that the PIV measurements provide an accurate 
prediction of the acoustic power generation. Also, it can be concluded that the quality 
factor of the resonator, when normalized with the acoustic mode number, is directly 
proportional to the acoustic pressure amplitude inside the cavity. On the other hand, at 
high values of Q factor, the difference between the measurements and predictions are 
observed to be higher, which might be attributed to the nonlinear effects associated 
with higher values of acoustic velocity amplitudes.           
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CHAPTER 5 
5 CONCLUSIONS 
 Grazing flow past a deep cavity configuration can generate self-sustained 
oscillations. If the conditions are appropriate, that is, synchronization of a resonant 
mode of the cavity with a hydrodynamic mode of the shear layer, a pronounced flow 
tone may result. This coupling gives rise to well-defined spectral peaks of the pressure 
fluctuation, which extend above the background pressure levels. These background 
levels are due to either turbulence or an inherent instability of the flow, or a 
combination of two. Such coupling is also associated with generation of a flow tone. 
The geometry of the cavity, as well as the incoming flow conditions, determine the 
peak pressure values that can be attained inside the deep cavities. In this investigation, 
a dissipative device was developed and implemented, in order to vary the damping of 
the cavity, without any changes in the cavity geometry or the parameters of the cavity. 
This device induced losses in addition to the visco-thermal losses along the cavity 
walls and the acoustic radiation losses from the cavity opening, which are the natural 
damping mechanisms. In essence, the overall objective of this investigation is to 
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determine the effect of variable damping on the pressure response characteristics of a 
deep cavity. 
 
5.1 PRESSURE FLUCTUATIONS WITHIN CAVITY 
  In the first part of the study, the response of the deep cavity to acoustic excitation 
and flow excitation was determined. Based on these findings, which are given in detail 
in Chapter 3, the following conclusions can be drawn:      
i. A system has been developed and successfully implemented for controlled 
damping of a deep cavity resonator. This damping is represented by variation 
of the quality (Q) factor of the resonator, which is determined by loudspeaker 
excitation in absence of mean flow past the resonator. 
ii. Flow past the resonator gives rise to oscillations that involve coupling 
between the unsteady shear layer along the cavity opening and a resonant 
mode of the cavity. Substantial reductions of the magnitude of these coupled 
oscillations, in terms of the amplitude of the fluctuating pressure at the dead 
end of the deep cavity resonator, correspond to reductions in the values of Q 
factor of the resonator. 
iii. Plots of the variation of the amplitude of the spectral peak of the pressure 
fluctuation at the dead end of the cavity as a function of the inflow velocity, 
show different forms, depending on the resonant acoustic mode number a 
and the degree of damping represented by the quality factor Q. For larger 
values of a, and higher degrees of damping corresponding to lower values of 
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Q factor, an abrupt decrease of the amplitude of the pressure fluctuation 
occurs at a threshold value of velocity. 
iv. The Strouhal number based on the streamwise length L of the cavity and the 
inflow velocity U, i.e., St = fL/U, has been traditionally employed to 
characterize the dimensionless frequency of oscillation of flow past cavity 
configurations. The magnitude of the Strouhal number, corresponding to the 
maximum amplitude of the spectral peak of the pressure fluctuation that 
occurs over the range of inflow velocity, actually increases with increasing 
damping, i.e., decreasing values of Q factor of the cavity resonator. The 
Strouhal number can be interpreted as the normalized shear layer convection 
speed; larger values of Strouhal number, which are attained at increased 
values of cavity damping, can be attributed to reduced magnitudes of the 
shear layer undulations. Strouhal number variations as large as 27 percent are 
observed for variations of cavity damping. 
v. The maximum amplitude pmax of the spectral peak of the pressure, 
normalized by the freestream dynamic head ,
2
1 2
U  varies linearly with the 
Q factor of the cavity resonator, except for the limiting case of the first 
acoustic mode a1.      
vi. The magnitude of the broadband (background) pressure pBB, when a pure 
tone is not excited, is a strong function of the Q factor of the resonator. 
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Increased damping, corresponding to a decrease in the value of Q factor, 
results in a decrease in magnitude of the broadband pressure. 
vii. An index of the strength of coupling between the unstable shear layer and the 
resonant mode of the deep cavity is the strength of lock-on (SoL), which is 
the difference between: the maximum amplitude pmax of the spectral peak of 
the pressure; and magnitude of the broadband (background) pressure pBB. For 
the case of the third acoustic mode (a5), the magnitude of SoL is constant 
with the variation of Q factor, but for the first (a1) and second (a3) acoustic 
modes, the magnitude of SoL shows a perceptible increase with an increase 
of Q factor. In all cases, however, the minimum value of SoL is 
approximately 40, which is generally accepted as the value for well defined, 
locked-on oscillations. So, attainment of a sufficiently high value of SoL over 
the range of damping, i.e., Q factor, is due to the fact that both the values of 
pmax and pBB are proportional to Q factor.   
 
5.2 FLOW STRUCTURE OF UNSTEADY SHEAR LAYER AND GENERATION 
OF ACOUSTIC POWER 
The flow-acoustic coupling in deep cavity configurations produces a highly 
unsteady flow field in the vicinity of the cavity opening. Generally speaking, large 
amplitude undulations of the unsteady shear layer along the cavity opening are 
observed at resonance. Attenuation of pressure oscillations inside the cavity by 
increased cavity damping is also accompanied by corresponding attenuation of the 
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undulating shear layer. In the second part of the study, quantitative imaging was 
performed, in order to investigate the effects of cavity damping on the flow structure 
of coupled oscillations and the associated patterns of acoustic power generation. Based 
on the findings given in Chapter 4, the following conclusions can be drawn: 
i. Time-averaged patterns of streamwise and transverse components of 
velocity, as well as Reynolds stress, which were acquired at the value of the 
flow velocity giving maximum pressure amplitude at the dead end of the 
deep cavity, all show a similar modification with increased damping 
(decreased quality (Q) factor) of the resonant mode of the cavity: a reduction 
in peak amplitude of the pattern of contours of velocity or Reynolds stress; a 
decrease in width of the regions of high amplitudes in patterns of velocity or 
Reynolds stress; and movement in the downstream direction (towards the 
trailing-edge of the cavity) of the peak value of the pattern. These 
observations hold for all acoustic modes of the deep cavity. 
ii. Phase-averaged patterns of magnitudes of velocity vectors, velocity 
components, and vorticity, considered over an entire oscillation cycle of the 
cavity shear layer, generally show a reduction in magnitude of the transverse 
undulation of the shear layer with decreasing values of Q factor of the 
resonator. The patterns of vorticity clearly indicate that the onset of 
significant transverse deflection of the shear layer occurs at locations further 
downstream for decreasing values of Q factor. Moreover, the time variation 
of non-vorticity bearing regions of the flow located interior and exterior to 
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the vorticity layer is particularly well described by phase-averaged patterns 
of the transverse component of velocity. The aforementioned observations 
are not universally valid for all phases of the oscillation, due to various types 
of distortion. 
iii. In general, flow quantities for different acoustic modes, which were obtained 
for values of acoustic velocities uac/U close to one another, exhibit similar 
patterns, irrespective of the acoustic mode number na. On the other hand, the 
Q factors of the associated acoustic modes do not show a specific trend.      
iv. The generation of acoustic power takes account of the hydrodynamic 
velocity, the acoustic particle velocity and the vorticity. The pattern of 
acoustic power at a given phase of the oscillation cycle bears a strong 
resemblance to the pattern of vorticity, which appears to dominate the overall 
form of the spatial distribution of acoustic power. This observation suggests 
that the details of the hydrodynamic velocity field may be secondary.  
v. The hydrodynamic contribution to the acoustic power integral has been 
decomposed into components in the streamwise and transverse directions. 
The pattern of the component in the transverse direction is a remarkable 
replication of the pattern of acoustic power, thereby indicating that the 
streamwise component of the hydrodynamic contributions has a negligible 
influence. 
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vi. The spatial distributions of patterns of maximum positive and maximum 
negative acoustic power generation are not mirror images of each other, 
despite the fact that they occur with a phase shift of 180 between them. 
vii. A published flow-acoustic model was adapted for the cavity configuration of 
interest herein. The Q factor, when normalized with the corresponding 
acoustic mode number na, is shown to be a reasonable measure of the cavity 
damping. This approach leads to good agreement between the experimental 
and predicted pressure amplitudes.   
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APPENDIX A 
IMAGING OF FLOW STRUCTURE: FIRST ACOUSTIC MODE 
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APPENDIX B 
IMAGING OF FLOW STRUCTURE: SECOND ACOUSTIC MODE 
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IMAGING OF FLOW STRUCTURE: THIRD ACOUSTIC MODE 
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APPENDIX D 
CONVECTION SPEED OF SHEAR LAYER 
The level of coupling between the acoustic mode of the deep cavity and the shear 
layer instability determines the deflection amplitude of the shear layer. High amplitude 
undulations and roll-up of the shear layer for the natural damping of the deep cavity is 
shown in the preceding sections for different acoustic modes. Increasing the damping 
of the cavity (lower Q factors) results in the stabilization of the shear layer and its 
alignment with the cavity opening. In turn, stabilization of the shear layer results in 
increased convection speed.   
The Strouhal number of the acoustic coupling, where the streamwise length of the 
cavity opening is taken as the characteristic length, simply gives the ratio of the 
average convection speed of the shear layer to the free stream velocity. Strouhal 
numbers for three different acoustic modes and varying degrees of damping are given 
in top right hand graph of Figure D.1. It is evident from the graph that, irrespective of 
the acoustic mode, increasing cavity damping (lower Q factors) also causes significant 
increases in the Strouhal number values. This observation agrees well with the 
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stabilization of the shear layer with increased cavity damping, which results in 
increased convection speed values. In this study, typical values of convection speed 
varied in the range of 0.35U-0.42U. In similar studies, convection speeds of Uc = 0.3U 
and Uc = 0.4U were obtained by Graph and Durgin (1993) and by Bruggeman (1987b) 
respectively. 
In order to verify the findings, a circulation density method was used. This 
method was successfully applied to a Helmholtz resonator previously by Ma et al. 
(2009). For the calculations, the average speed of the large-scale vortex-like structure 
was obtained by tracking the local maximum of the circulation density distribution 
throughout the cavity opening. Formula of circulation density is given in equation D.1, 
where y is the cross-stream direction in accordance with the previous definitions.       
ߛሺݔ, ׎ሻ ൌ ׬߱௭ሺݔ, ݕ, ׎ሻ݀ሺݕሻ       (D.1) 
The distribution of circulation density along the cavity opening for five 
consecutive values of phase is given for a representative case in the left column of 
Figure D.1. The average convection speed was evaluated by tracking the maximum 
local values of each distribution and taking into consideration the time elapsed during 
these phases. A summary of the results obtained with this method, for the cases 
considered, is given in bottom right hand graph of Figure D.1. The significant 
agreement between the two methods verifies the findings about convection speed and 
stabilization of the shear layer.           
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APPENDIX E 
IMAGING OF SPANWISE FLOW STRUCTURE 
In order to determine the flow structure along the span of the cavity, a 
rearrangement of the imaging system shown in Figure 2.10 was employed. Further 
details of the experimental setup are given in section 2.6. On the basis of preliminary 
experiments, it was found that the most effective location of the laser sheet, in order to 
visualize the spanwise flow structure, was a distance of 2 mm within the cavity, 
measured from the separation corner (leading edge) and impingement edge (trailing 
edge) of the cavity.  
The spanwise structure of the shear layer was investigated only for the third 
acoustic mode (a3) for three different values of damping (Q factor) of the deep cavity. 
Conditions corresponding to these cases are designated by the red dots on Figures 3.9a 
and 3.9b. 
Figure E.1a shows instantaneous patterns of streamwise velocity over the span of 
the cavity opening for the case of natural damping (Q = 55). Two instantaneous 
velocity fields, acquired at zero phase ( = 0) angle of the pressure fluctuation (p 
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versus t) at the dead end of the deep cavity, are shown in the left column. Images 
presented in right column correspond to a phase angle of 180 degrees ( = 180) of the 
pressure fluctuation. The same layout of images is shown in Figure E.1b for the case 
of enhanced damping (Q = 20). The common feature of each of these images is the 
presence of small scale spanwise structures. It is evident from the figures that 
increasing the damping of the deep cavity (thus decreasing the Q factor) results in 
smaller and less organized flow structures. 
Figure E.2 shows a shadowgraph image (from Brown and Roshko, 1974) of the 
spanwise structure of the mixing layer, which indicates the presence of streamwise 
vorticity. It should be noted that these small scale spanwise structures resemble those 
that are detectable in Figures E.1a and E.1b. 
The effect of degree of cavity damping, that is the value of Q factor, on the 
spanwise structure of the shear layer at three different phases of the pressure 
oscillation cycle is shown in Figure E.3. These images show contours of constant 
phase-averaged streamwise velocity component <u>p/U. Regions of high amplitude 
across the span are evident for the case of natural damping (Q = 55). They become 
less prevalent for enhanced damping at Q = 42 and Q = 20. 
 Quantitative observations of less organized and less prevalent spanwise flow 
structures, caused by increased damping, can be better supported by quantitative 
results obtained from spanwise correlations of velocity along the span of the cavity. 
Spanwise correlations were obtained using the time sequence of PIV images, which 
led to calculation of time-averages in accord with the definition given for the equation 
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defining c in the inset of Figure E.4a. The reference “probe” of the calculation was 
located close to the bottom wall of the cavity opening, and thereby the value of the 
correlation coefficient c at this location, just outside the boundary layer, takes the 
value of unity. For increased values of spanwise spacing, there is a tendency to form a 
plateau-like region prior to another sharp decrease as the wall, i.e. boundary layer, is 
approached. As the damping of the cavity is increased, the average correlation value of 
the plateau-like region drops significantly.  
In Figure E.4b, the same overall velocity correlation approach was employed to 
determine the correlation coefficients, except that the reference probe was located at 
the mid-span of the cavity. At this location, the value of the correlation coefficient is 
therefore unity. After a sharp drop in the vicinity of the mid span, there is a tendency 
to form a plateau-like region both in the upper and lower halves of the cavity opening, 
prior to another sharp decrease in the vicinity of the cavity wall. Decrease of the 
correlation coefficient values with increasing damping of the cavity (decreasing Q 
factor) suggests less organized and smaller flow structures in the cavity opening, 
which agrees well with the quantitative observations.                 
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